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Abstract 
Certain details and geometrical configurations of beam-to-column web 
moment connections are more susceptible to fracture failure at their early stages 
of plastic moment development than others. Ten specimens, simulating the 
beam tension flange and the fla,nge connection plate are tested up to their 
ultimate strengths. Specimens with rectangular and tapered connection plate 
extensions sustained higher loads with more ductility than those with a 
connection plate flush with the free ends of the column flange. Three specimens 
are tested which have both backup stiffeners and flange connection plates the 
same thickness as the simulated tension flange. A backup stiffener is most 
effective in specimens with connection plates flush with the column flange tips. 
Test results show that welding along the column web can be eliminated at the 
expense of a thicker and tapered connection plate. 
Analysis by a nonlinear finite element program of a symmetrical double-
edge cracked plate showed that the overall behavior of the J-integral parameter 
and the average effective plastic strain in the crack-tip region are similar in the 
elastic and plastic range. As a result, effective plastic strain is used as a 
reference to compare the effectiveness of a connection detail. 
Variable connection plate extension and variable simulated tension flange 
width details were analyzed by the finite element method. At loads about 30% 
larger than material yield load, a tapered connection plate reduces effective 
plastic strains at the reentrant corner by half in comparing with the rectangular 
type extension. A rectangular connection plate which extends beyond the 
column flange tip a distance equal to or larger than the distance from the edge 
of the tension flange to the inside surface of the column flange will reduce 
1 
plastic strains at the reentrant corner by up to 9 percent. With wide tension 
flanges, backup stiffener and connection plates thicker than the tension flange 
are recommended for reducing stress concentrations at the column flange tips. 
2 
1.1 Problem Statement 
Chapter 1 
Introduction 
Structural connections are one of the crucial components of vanous types 
of load-carrying structures. They act as an interface element in transferring 
loads from one section of a structure or structural component, such as a beam, 
to another portion of a structure, say a column. Depending on the types of 
loads and the mechanism by which the loads are transferred, connections have 
different classifications (e.g., shear) and fall into several categories (e.g., semi-
rigid). For simpler connections such as shear splices, a rudimentary analysis 
usually suffices to calculate the stress resultants and connection dimensions. 
However, due to the complex nature of the stress distribution in most rigid and 
semi-rigid moment connections, the forces acting on the connection are usually 
distributed according to a hypothetical distribution of stress resultants. In cases 
where clear guidelines do not exist, the connection itself is then designed 
intuitively. Such a design method proves to be inadequate when there exists: 
(1) large stress resultants and insufficient strength [42], (2) repetitive loads in 
the elastic range (high-cycle fatigue) [22], or (3) lack of ductility under 
repetitive loads beyond the elastic range such as during earthquakes (low-cycle 
fatigue). 
Semi-rigid moment connections are designed so that they can undergo a 
certain amount of deformation during load transfer. They are categorized as 
Type 3 connections in the AISC specification [3]. They are needed in simple 
frameworks to resist the wind-induced moments. However, in designing for the 
3 
gravity loads they are treated as simple shear connections (Type 2). Design of 
this type of connection is largely based on the results of experimental moment-
rotation curves. Details of this design method can be found in references 
[36] and [64]. The advantage of taking into account the partial restraint that 
is offered by a semi-rigid connection is the reduction of the size of beams or 
purlins which are joined to columns or rafters {36], [39]. However, they can 
also be used advantageously in cases where rigid connections with sufficient 
stiffness are expensive to construct. 
Type 1 or rigid connections are utilized in rigid frames [3]. Their stiffness 
IS large enough so that the relative rotation between beam and column is 
virtually zero. Due to the high degree of indeterminacy that exists in these 
connections, their deformational behavior is too complex to be routinely modeled 
by a simple mathematical formulation. Hence, many experiments have been 
conducted m order to understand their behavior. Considering moment 
connections between beams and columns of rigid frames, there are two types. 
In a beam-to-column flange connection, the beam end moment bends the column 
about its strong axis as shown in Fig. 7-l(a). Conversely, in a beam-to-column 
web connection, the column is bent about its weak axis which is illustrated in 
Fig. 7-l(b). 
Previous experiments carried out on strong ax1s moment connections 
considered various aspects of this type of connection, such as: 1) stiffening 
requirements of the column web under lateral load [17], 2) distribution of stress 
resultants beyond the elastic limit at the beam-to-column flange interface [33], 
3) strength and stiffening requirements of two-way framing connections [60], 4) 
member s1ze effects on the strength of corner connections [23], and 5) 
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investigation of strength and ductility of panel zones m beam-to-column flange 
connections when subjected to large shear stresses [63]. 
Weak axis moment connections on the other hand have not been studied 
m such detail. An early experiment on this type of connection, conducted at 
the University of Illinois, to investigate the adequacy of welding for the 
fabrication of moment connections, shows the i~herent weakness of the column 
web when a beam is directly attached to it [69] . The moment-rotation curve 
of this type of connection is similar to that of a semi-rigid connection. 
Stockwell applied the yield line theory to the column web at the location where 
the beam frames into the web [65]. Tests of three, four-way connection 
specimens by Khabbaz, et al. demonstrated the advantage of some web 
connection details over others [37]. The results from these tests were used by 
Blodgett to draw some guidelines for detailing the column web connections [12]. 
Popov investigated the cyclic behavior of web moment connections under 
reversed and repeated loading, simulating the type of stresses that are induced 
in an earthquake [49]. Later, a series of large-scale web moment connection 
experiments were carried out by Rentschler, et al. at Lehigh University to 
determine the load-carrying capacity and deformational characteristics of such 
connections [53]. Two out of the four specimens that were tested in this study 
fractured before the ultimate loads of the specimens were reached. The study 
showed that further research is needed in order to arrive at safe and reliable 
guidelines for designing beam-to-column web moment connections. 
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1. 2 Background 
Because of the complexity of stress distribution that exists in most 
connections in general and in beam-to-column web connections in particular, 
research studies on this subject are mostly experimental, and hence, their results 
can hardly be extrapolated to situations other than those for which test results 
are available. The focus of this study is on the beam-to-column web moment 
connection for which relatively few experiments have been conducted [69], [35], 
[49], [54]. The latest of such experiments were carried out by Rentschler [53]. 
In his specimens, the beam is attached to the column in such a way as to bend 
the column about the weak axis as shown in Fig. 7-2. He also conducted a 
linear elastic analysis of the connection using a finite element program [56] and 
compared the analytical results with the experimental results [54]. In 
Rentschlerler's tests, in order to reduce to an absolute mm1mum the plate 
material, amount of welding, and extent of fabrication, four large-scale spec1mens 
wer:e designed with no horizontal stiffeners opposite the top and bottom 
connection plate as shown in Fig. 7-2. Horizontal stiffeners which are also 
called backup stiffeners, are a continuation of the flange connection plates on 
the other side of the column web. They stiffen the column web so that the 
share of the beam flange load transferred through the column web is increased. 
In keeping with what was done in such studies in the past, Rentschler's 
specimens were designed to combine all of the "worst possible" situations. With 
reference to Fig. 7-2: 
• The connection plate was designed to yield at the same time that 
the full plastic moment of the beam was developed. 
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• Welds were proportioned according to the AISC specifications with no 
excess over requirements [3]. Backing bars were used in order to 
develop a full penetration groove weld between the beam flange and 
flange connection plates [8]. 
• The beam web connection to the column web was proportioned for 
full shear yield on the web connection plate. Stresses in the high-
strength bolts corresponded to a bearing-type connection. 
There was no difficulty with developing the service load of the four 
connections that were tested. In two of these specimens, however, there was a 
problem with the lack of ductility in the vicinity of ultimate load. There were 
fractures during the first half cycle prior to developing significant rotation 
capacity. Fractures occurred in the tension flange connection plates, beginning 
where the weld terminates near the tips of the column flanges. The metal 
involved was of normal strength and ductility which could be expected from 
ASTM A572 grade 50 steel [5]. The welds used in fabricating the specimens 
were typical of normal structural practice. Careful studies showed that there 
were no other shortcomings [21]. 
Calculations, however, showed that the fracture took place due to stress 
concentrations at the weld termination point where the connection plate is under 
high tensile stress approaching the yield point. Not only is there direct stress 
concentration, but at this point the stress is combined with two other tensile 
stresses: 1) that due to the through-thickness restraint (important for thick 
material) and 2) the tensile stress across the plate width as the tension plate 
7 
narrows, tending to pull the column flanges together (Poisson's effect). This 
creates an ideal situation for the brittle fracture which occurred. 
Another experimental investigation by Popov and Pinkney provided an 
opportunity for comparison of results [49]. Web moment connections in that 
investigation also resulted in fractures at similar locations to those obtained by 
Rentschler. However, the specimens used much smaller structural members and 
were of ASTM A36 steel. Also those connections were subjected to 30 to 50 
cycles of reversed repeated loading into the inelastic range. Fracture after that 
much strain would probably be expected. However, fracture of Rentschler's 
large-scale connections after half a cycle of loading must be looked upon with 
concern. 
It 1s worthwhile to mention another possible source that enhanced the 
fracture susceptibility of Rentschler's tests which was not present in the Popov's 
cyclic loading experiments. The two large-scale specimens that failed to develop 
the ultimate strength had a combination bolted-web and welded-flange type of 
joint. A similar type of weld and bolt combination was present in another 
senes of tests that was conducted on column flange connections by Popov and 
Stephen [50]. Two out of eight specimens that were tested had their beam web 
and flanges welded to the outer face of the column flange. Both of these fully 
welded connections showed excellent ductility under the large-magnitude, 
reversed-cyclic applied loads. In fact, according to the experimenters, one of 
them set a record in developing the plastic hinge rotational capacity of the 
beam. In both tests, the failure mode was buckling of the beam flange and 
occurred gradually. On the other hand, three of the web-bolted connections, 
despite their relatively good ductile behavior, failed via fracture of the beam 
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flange and in an abrupt manner. Only one of the web-bolted connections failed 
gradually by buckling of the beam flange. A bolted web has a modulus of 
rigidity, G, along the faying surface which is lower than the modulus of rigidity 
in a welded web. This is due to the gradual slip of bolts as the mechanism for 
transfering the beam end shear by the bolts changes from friction to bearing. 
The relative vertical displacement between the beam web and the web 
connection plate along the bolt line is resisted by the beam flanges. Portions of 
the beam flanges which sustain most of the slip-induced strains are at the cope 
hole regions where the beam flanges and the connection plates are groove 
welded. The resulting stress components from this phenomenon are 
superimposed on the stress components at the column flange tips and reentrant 
corners (stress concentration) which finally severs the flange connection plate. 
Both of these stress concentration sources can be dampened by a judicious 
selection of the connection plate geometry. It is also important to know 
whether the solutions that are arrived at for reducing such large stress buildups 
will still be effective when the yield stress of the connection material is 
exceeded. 
1.3 Purpose and Objectives 
The purpose of this dissertation IS to determine the elastic-plastic behavior 
of beam-to-column web moment connections and to develop a means to reduce 
fracture susceptibility of such connections. Both theoretical and experimental 
studies are carried out in order to achieve this purpose. The portion of the 
connection which contains critical details affecting the ultimate load of the 
connection is simulated for purposes of the experimental and analytical studies. 
Strain concentration at reentrant corners and the effect of general yielding of 
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the connection plate on these strains are of pnme interest. Plastification of the 
connection plate affects the shear lag mechanism through which a maJor portion 
of the beam flange load is transferred to the column flanges. The impact of 
plasticity on the stress distribution and intensity of this load transferring 
mechanism is also investigated. 
One of the objectives of the present study is to determine the effect of 
different geometrical parameters on strains at the reentrant corner. At the 
same time, the effectiveness of solutions that are arrived at in this process has 
to be evaluated in the elastic as well as the plastic realm of material behavior. 
Finally, it is the objective of this dissertation to provide some guidelines for 
both detailing and designing beam-to-column web moment connections. 
1.4 Scope 
The focus of the study presented here is on the beam-to-column web 
moment connections. At the experimental stage, the effect of three different 
parameters on the overall behavior (ultimate load and ductility) of the 
simulated connection are considered. These parameters include the connection 
plate extension, thickness of the connection plate, and the effect of backup 
stiffeners. 
The analytical part of this investigation deals with only two geometrical 
parameters, namely the connection plate extension and the varriable beam flange 
width. Backup stiffeners are not specifically treated in this part of the study. 
However, based on the general behavior of a backup stiffener as a stiffening 
component and the outcomes from the analytical phase of the simulated 
connection details, some conclusions with regard to this structural variable are 
drawn in Art. 5.1. In the analytical part, attention is focused on critical 
10 
regiOns such as the reentrant corners during the course of incremental loading. 
Comparisons between results obtained from analytical and experimental stages of 
this study are provided for those details which are in common in both stages. 
The scope of this dissertation is also limited to columns which are 
relatively square (width-to-depth ratio close to one) with a web-to-flange 
thickness ratio (relative bending stiffnesses )' of about 0.6. These conditions are 
met for most of the steel column sections that are used in building construction 
industry. 
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Chapter 2 
Program of Tests 
2.1 Description of Test Specimens 
A schematic view of the simulated connection IS given m Fig. 7-3. The 
tension plate in this figure simulates the beam tension flange shown in Fig. 7-2. 
Here and in the future discussions, the connection plate simulated the connection 
plate shown in Fig. 7-2. Figure 7-4 depicts a simulated connection specimen in 
the testing position. 
The test program consists of ten different speCimens. Names and details 
of those specimens are shown in Tables 6-1 and 6-2. The specimen tension 
plate is of ASTM A572 Grade 50 steel and has a cross sectional area of 10.0 
in. 2 (6452 mm2) for all specimens, requmng a load of approximately 540 kips 
(2400 KN) for general yielding of the plate. Refering to the tables the first 
specimen, Number A, was retested after a crack initiated at one of the tack 
welds and caused the failure of the tension plate. This specimen is indicated as 
Number A 
rev 
The main reason for using thicker connection plates (see Table 
6-3) in specimens D, E, and E2 than those used in the rest of the specimens is 
to provide for a larger amount of material in order to reduce the magnitude of 
shear lag. This allows the possibility of eliminating the fillet welds joining the 
column web to the specimen connection plate which in turn leads to a more 
economical fabrication of column web moment connections. 
Tests were carried out in the order of test numbers shown in Table 6-1. 
Detailed descriptions of the different specimens listed in Table 6-2 are as 
follows: 
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Test Tl (Specimen A): 
This is a control test on which the companson between the effect of 
vanous parameters on stress distribution IS based. The thickness of the 
connection plate is one inch (25.4 mm), the same as that of the specimen 
tension plate. The specimen connection plate is fillet welded all around its top 
and bottom periphery to the column web and column flanges (see Fig. 7-2). 
Test T2 (Specimen A ): 
rev 
This is a retest of specimen A to investigate the effect of tack welds on 
the mode and location of failure. Tack welds were used to position the backing 
bar (see Fig. 7-2) which is provided for applying the groove weld between the 
tension plate and connection plate. The retest plan was proposed after it was 
concluded that tack welds might be responsible for crack initiation. To repair 
the specimen, a new tension plate was used and tack welds of the backing bar 
were made at the root of the groove weld where they could be incorporated 
into the final groove weld. 
Test T3 (Specimen B): 
The benefits of using an extended connection plate are examined m this 
test. Both connection and tension plates have the same thickness. 
Test T4 (Specimen C): 
A l-inch (25.4-mm) thick connection plate was tapered m width with a 
3:1 slope over the extended portion of the connection plate and was groove 
welded to a tension plate of the same thickness. 
Test T5 (Specimen D): 
This specimen has a 1-5 /8-inch ( 41.3-mm) thick connection plate and there 
were no fillet welds at the column web-to-connection plate junction. This test 
13 
specimen shows the possibility of eliminating the column web fillet welds 
through the use of a thicker connection plate which m turn can result m less 
fabrication cost for this moment connection detail. 
Test T6 (Specimen E): 
The connection plate has the same thickness and welding pattern as those 
m specimen D. However, the connection plate is tapered in width in an effort 
to assure a better stress distribution across the line of the groove weld. 
Test T7 (Specimen A2): 
The backup stiffener in this speCimen was used to relieve some of the 
stress concentrations at the column flange tip-to-connection plate junction by 
mobilizing the back portion of the column flanges. In this way, the column 
web can more effectively contribute to a better stress distribution in the 
connection plate across the column flange tips. 
Test T8 (Specimen B2): 
Extension of the connection plate and use of a backup stiffener m this 
specimen provides a more favorable condition for stress distribution. 
Test T9 (Specimen E2): 
The 1-5/8-inch (41.3-mm) thick connection plate in this specimen can 
reduce the stress concentrations at the column flange tips through carrymg more 
stresses vta the column web. 
Test TIO (Specimen C2): 
This specimen has a tapered connection plate and a backup stiffener. 
Although the stress distribution pattern in the connection plate within the 
column flanges is not expected to be much different from specimen B2, strain 
constraints at the reentrant corners of the connection plate are assumed to be 
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reduced by tapering the connection plate. 
crack to be initiated at the reentrant corner. 
2.2 Test Setup 
This would be beneficial were a 
The upper portion of the test setup shown in Fig. 7-4, namely the 
reusable test fixture, was made similar to the test specimen (lower portion) such 
that a symmetrical loading condition could be maintained during the test. The 
test fixture is much stronger than the specimens in order to prevent failure in 
this part of the test setup. A 2-inch {50.8-mm) thick fixture tension plate is 
groove welded to a W14x257 column stub in such a way that the induced 
bending moment is about its strong axis. Two reusable end plates are bolted 
to both ends of the column stubs of the test fixture and test specimen, as 
shown in Fig. 7-4. 
The 5-million lb. Universal Testing Machine in Fritz Laboratory, Lehigh 
University, was used to furnish the required tensile force applied at the free 
ends of specimen tension plate and the fixture tension plate. The specimen 
tension plate and the fixture tension plate each have. a length of five feet {1524 
mm) of which two feet (609.6 mm) are gripped by the testing machine. Figure 
7-5 shows a picture of a ready-to-test specimen placed in the testing machine. 
2.3 Test Procedure 
The testing procedure consisted of applying small increments of tensile 
forces to the free ends of the fixture and specimen tension plates. To control 
and follow the behavior of the specimen, the load-deflection curve along with a 
load-strain curve of a strain rosette gage located at the reentrant corner were 
plotted while testing was in progress. The load-deflection curve was plotted for 
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a 17.0-inch (431.8-mm) long gage length (distance d in Fig. 7-9). Small 
amounts of gripping forces of about 10 kips ( 44 KN) were applied at the 
beginning of each test to set the grips for proper functioning. 
About seventeen load increments, each equal to 32 kips (142 KN) on the 
average, were applied until the yield load of the specimen tension plate was 
reached at about 540.0 kips (2400 KN). Loading was stopped to take data 
readings after each load increment. Usually there was about a two-minute 
elapsed time before taking any data in order to stabilize the load. The required 
elapsed time in the strain-hardening region increased to 3 and 4 minutes for 
load values of about 600 kips (2670 KN) and 700 kips (3110 KN) respectively. 
The time and the load value were recorded before commencing a new 
loading step. Deflection gages were reset 4 times on the average in each test. 
In order to save the deflection gages for future tests, they were removed from 
the specimen at loads which were about 130 percent of the nominal yield load 
of the tension plate. In the last three tests, after removing the deflection gages 
and prior to the specimen failure, the elongation of the strain-hardened tension 
plate was recorded through changes of the machine head position to an accuracy 
of about 1/16 inch (1.6 mm). The change in the head position at this stage of 
loading could well be attributed to the elongation of the ungripped length of the 
tension plate as there was little change in the load value from the time that 
deflection gages were removed until the failure of the specimen tension plate. 
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2.4 Material Property Tests 
Three types of material property tests were carried out m order to 
determine the mechanical properties of the steel used in the tests. ASTM A572 
Grade 50 steel was selected for fabricating the specimens. This is the same 
type of steel that was used in the Lehigh large-scale connection tests [53]. 
The specimen tension plates originally provided by the fabricator had their 
rolling directions perpendicular to the pulling direction. 1 This is not a desirable 
orientation for tension plates as it does not simulate the real condition that 
exists in a rolled beam. Dimensions of these tension plates were 60 x 10 x 1 
inches (1524 x 254 x 25.4 mm) and they were used in the first series of tests 
(T1, T2, T3, T4, T5, and T6). In fabricating the second series of specimen 
tension plates used in tests T7, T8, T9, and T10, the rolling direction of the 
tension plates were oriented in the pulling direction. Results of the material 
property tests of each senes of specimens are discussed m the following sections. 
2.4.1 Tensile Coupon Tests 
A total number of seven tensile coupons were prepared and tested for the 
two different thicknesses of the specimen connection plates and two different 
rolling directions of the tension plate material. All coupons were 1.5 inches 
(38.1 mm) wide. Coupons No. 1, 2, 3, 6, and 7 were fabricated from the steel 
used in the first six specimens. The first three coupons had a thickness of one 
inch (25.4 mm), corresponding to the connection and tension plate thicknesses m 
tests T1, T2, T3, and T4. Coupons No. 6 and 7 had the same thickness as 
the connection plates in tests T5 and T6 ( 1.5 inches, 38.1 mm). 
1The fabrication order did not specify orientation of the tension plates. 
17 
Tensile properties of steel used in the second senes of tests were obtained 
from coupons No. 4 and 5. These coupons were 1.5 inches (38.1 mm) wide and 
1.13 inches (28.6 mm) thick representing the tension plate thicknesses in tests 
T7, T8, T9, and T10. 
A bar graph in Fig. 7-6 illustrates the yield stress and tensile strength of 
all of the coupons that were test,ed. The fractured surface of coupons No. 6 
and No. 7 with cross sectional dimensions of 1.5 x 1.63 in. (38.1 x 41.3 mm) 
was totally flat without any slanted surface while the rest of the coupons 
demonstrated a typical cup-cone surface. 
2.4.2 Charpy V-Notch Tests 
Charpy V -Notch tests were carried out for different notch orientations. 
The TL and L T type of Charpy specimens were machine cut from steels which 
had been used in fabrication of the first series of connection tests [6]. L T 
specimens were used for Charpy tests of the second series of connection detail 
experiments. Results from the Charpy impact tests showed a typical notch 
toughness behavior of an ASTM A572 steel [46]. More information on the 
results of Charpy tests is provided in Ref. [51]. 
2.4.3 Three-Point Bend Tests 
Three 3-point bend speCimens were also tested in order to determine 
fracture toughness properties (J J of the material at room temprature. However, 
results from these tests were discarded due to large discrepencies between the J c 
values obtained. 
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2.5 Instrumentation 
Two types of measurements were conducted during testing: one for strain 
and the other for deflection. The strain measurement provided data for the 
local behavior of material undergoing various two-dimensional deformations. 
Deflection measurement on the other hand revealed the overall behavior of the 
continuum within the gage length. This is very useful information especially in 
the strain-hardening range of material where the strain measurements are not 
reliable due to changes in strain rosette calibration. 
In addition to the above strain and deflection gages, punch marks were 
also used along the edges of the specimen tension plates. They were placed at 
variable spacings in each specimen and within a twenty-inch (508-mm) length, 
starting from the groove welding line. The amount of plastic strain in the 
tension plate was estimated by measuring the elongation between the punch 
marks. The measurement was carried out by using a straight edge with an 
accuracy of one hundredth of an inch (0.25 mm) after termination of each test. 
Whitewash was applied to all specimens in order to observe flaking of mill 
scale caused by surface yielding of the specimen. This provides an estimate of 
the load at which local or general yielding of a specimen occurs. 
2.5.1 Strain Measurement 
In order to measure strains at different locations, strain rosette gages 
(SR-4 gages) were installed on the specimen connection plate and on the backup 
stiffener if there was one. The strain rosette layouts were different for each 
test because of the variation in specimen details. 
Table 6-2 summanzes the number and locations of rosette gages for each 
specimen. The number to the right of each letter in column three of this table 
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represents the number of rosettes used in the corresponding line of rosettes and 
may vary in each specimen. Figure 7-7 shows an example of an arrangement of 
rosettes on a speCimen. The rosette lines are designated alphabetically in Fig. 
7-7 and Table 6-2. Rosettes on lines F and G were used to evaluate the effect 
of the backup stiffener in transferring stresses to the compression flanges of the 
column through column web interaction. Rosettes on lines B',C', D', and E' 
were used only on connection plates which were thicker than the corresponding 
tension plates. This was done in order to consider the bending effect of the 
pulling force on the connection plate. The bending moment was induced since 
the bottom side of the tension flange was flush with the connection plate which 
in turn creates an eccentricity of the resultant stresses. The rest of the strain 
rosettes installed on lines A, A', B, C, D, and E were to capture the strain and 
stress distribution in the connection plate and at critical regwns of the tension 
plate. 
Because of a compact rosette layout that had been used for strain 
measurements and the surface grinding for their proper installation, the 
whitewashed regwn was relatively small and mostly on the central region and 
on the back of the connection plate. This was a typical case m most of the 
tests. 
2.5.2 Deflection Measurement 
Figure 7-8 shows an overall VIew of a cantilever gage which was used to 
measure the elongation of the gage lengths. The locations of the gage lengths 
are shown in Fig. 7-9. A total of four 1/8 in. foil gages, constituting a full 
bridge circuit, were glued to each side of the two aluminum arms of the 
cantilever gage. Deflection of the cantilever arms could be measured by 
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calibrating the strain readings displayed through a data acquisition system. 
Roughly speaking, a cantilever gage maybe thought of as an oversized clip gage 
such as that used in crack mouth opening measurements of a fracture toughness 
test [6]. The precision of this cantilever gage in its linear range of operation is 
about 10·4 inches (2.54 x 10·3 mm). Bars were attached to the free ends of the 
cantilever gages in order to enable them to span the full length of the gage 
lengths shown in Fig. 7-9. The gage lengths were chosen symmetrically on both 
sides of the tension and connection plates in order to compensate for the effect 
of the initial curvature and rotation of the tension plate on the gage elongation 
measurements. These measurements were carried out by using three cantilever 
gages on each side of the specimen. The gage lengths used to plot the load-
deflection curves of each test were the average of the total elongation of gage 
lengths a and b on both sides of the connection and tension plates. Figure 7-9 
and Table 6-2 summarize the deflection gage pattern for each specimen. 
2.6 Test Results 
Load-deflection curves for all speCimen tension plates are given on Fig. 
7-10 and 7-11. The origin of each curve is spaced along the horizontal axis so 
that they can be compared with relative ease and with minimum overlaping. 
The nominal yield load, P Y' and elongation, b.Y' of the gage length d (Fig. 7-9 
at this load are used as nondimensionalizing factors. The P y value is obtained 
through multiplying the average yield stress of material in each series of 
specimens by the cross sectional area of the tension plate. The fracture load, 
the nominal yield load, and the ratio of these two loads for all specimen tension 
plates are listed in columns 3, 4, and 5 of Table 6-3. P y for the first series of 
specimens (Tests T1, T2, T3, T4, T5, and T6) with their nondimensional load-
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deflection curves shown in Fig. 7-10 is equal to 53 ksi x 10 in 2 = 530 kips 
(2357 KN). The P y value in Fig. 7-11 of the second senes of specimens is 54.5 
ksi x 10 in2 = 545 kips (2424 KN). Assuming uniform elongation over the 
gage length d with a length of Ld = 17 inches ( 431.8 mm), ~Y is calculated for 
each senes of specimens from the following formula: 
The modulus of elasticity, E, obtained from coupon tests 1s 29000 ksi 
(200000 MPa). The ~Y value for the first and the second senes of specimens 
are 31.1 x 10·3 inches (0.789 mm) and 31.9 x 10·3 inches (0.810 mm) 
respectively. Each graph in Figs. 7-10 and 7-11 is plotted as a solid line with 
data points up to the point where deflection gages were removed from the 
specimen in order to preserve the gages for further use. To give a conservative 
estimate of ductility, the curve was projected through its final two points up to 
the level of the maximum load registered on the testing machine. The true 
ductility is probably never less than this estimated value because the curves 
tend to level off when they near the ultimate load. Ductility ratios shown for 
each specimen in Table 6-3 are calculated through dividing this estimated 
elongation at ultimate load, ~U' by the corresponding value at yield, ~Y Some 
of the curves g1ve data values all the way up to failure because fracture 
occurred while the deflection gages were still m place. Comparison of the 
complete curves with the extrapolated curves indicates that the assumed 
extrapolation is reasonable. 
It should be noted that load-deflection curves m Figs. 7-10 and 7-11 are 
the actual performance of each specimen. Therefore, the curves do not 
necessarily pass through the point with unit abscissa and unit 
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ordinate ( !._ = 1.0). This is due to the effect of a large tension plate width m 
Py 
comparmg with a tensile coupon width the result of which IS used to 
nondimensionalize the actual load-deflection curves. Also, the change in the 
accuracy of deflection measurements between the cantilever gage and the dial 
gage used in coupon tests affects the specimens load-deflection curves. 
Comments on each individual test are given in the following paragraphs. 
2. 7 Behavior of Test Specimens 
Test Tl (Specimen A with connection plate extending only 3/4 
inch (19 mm) beyond column flange tips): 
A load-deflection curve of Test Tl IS given m Fig. 7-10. The maximum 
load occurred at 730 kips (3247 KN), equivalent to 73 ksi (503 MPa) ultimate 
stress, about 37 percent greater than the nominal yield stress 
(uy = 53 ksi or 365 MPa). Fracture occurred after a fairly extensive elongation, 
over six times the elongation required for nominal yield of the tension flange, as 
shown in Fig. 7-10. Whitewash had been applied to the specimen in order to 
observe flaking of mill scale caused by surface yielding of the specimen. 
However, very little whitewash flaking had been observed before the specimen 
failed abruptly. 
A close inspection of the fracture surface revealed that a crack had 
initiated at one of the outer tack welds and propagated rapidly across the 
flange tension plate. The fracture line is shown in Table 6-3. The region near 
the tips of the column flanges where crack initiation had been presumed to be 
most probable, was not involved in the fracture. For this reason, Specimen 
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A which has the same geometry as Specimen A was fabricated and tested. 
rev 
Tack welds in Specimen A were placed at the ends of the backing bar m 
rev 
order to minimize their effect on the strength of the specimen tension plate. 
Test T2 (Specimen A with connection plate projecting only 1/2 
rev 
inch (12.7 mm) beyond the column flange tips): 
Figure 7-10 shows the load-deflection curve of test T2. The relatively 
smaller slope of the load-deflection curve is due to malfunctioning of deflection 
gages which resulted in larger deflections. Local yielding of the tension plate 
was indicated at a load level that was about 28 percent of the nominal yield 
load. The tension plate fractured at 730 kips (3247 KN), 1.37 times its 
nominal yield load. The fracture load was the same in both tests T1 and T2. 
In Test T2, however, the crack initiated from one of the edges of the tension 
plate where stress concentration was the highest. The fracture surface was 
nearly flat and parallel to the groove weld. Table 6-3 shows the top view of 
the fractured specimen with the fracture line running from one edge of the 
tension plate to the other. 
Test T3 (Specimen B with connection plate extended 3 inches (76.2 
mm) beyond the column flange tips): 
The experimental load-deflection curve of test T3 is shown m Fig. 7-10. 
Deflection gages were removed at 705 kips (3136 KN, !... = 1.33). The dashed 
Py 
line projects the behavior of the specimen from this point on up to the fracture 
p 
load which is 824 kips (3665 KN, - = 1.55). The elongation of the gage length 
Py 
was about nine times that at the nominal yield load, that is 530 kips (2357 
KN), which indicated fairly ductile behavior. Whitewash flaking started at 580 
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p 
kips (2580 KN, - = 1.09) which was a little higher than the nominal yield 
Py 
load. Plastic deformation of the specimen was suddenly disrupted due to a 
fracture that initiated at one of the edges of the tension plate. Failure of the 
tension plate occurred through a cleavage process where chevron markings were 
pointed toward the crack source on the plate edge. Some slanted fracture 
surfaces could be recognized in the neighboring regions of the weldment which 
were associated with the ductility of the weld material. However, the rest of 
the fractured surface was flat. The fractured surface displayed shiny cleavage 
facets indicating brittle type of failure. The top view of the fracture line is 
shown in Table 6-3. 
Test T4 (Specimen C with tapered connection plate extended 3 inches 
(76.2 mm) beyond the column flange tips): 
7-10. 
The entire load-deflection curve up to the fracture load is shown in Fig. 
p 
The small shift in the curve at 400 kips (1779 KN, - = 0.75) was due 
Py 
to a major slip in end plate bolts which occurred during this loading step. 
This specimen had a ductility ratio of about six and the nominal stress of the 
tension plate was 75.6 ksi (521 MPa) when the specimen was totally severed by 
fracture in the connection plate. The maximum plastic strain obtained from 
punch mark measurements on the tension plate was about 5%. Whitewa.sh 
p 
flaking started at around 590 kips (2624 KN, - = 1.11) and all of the mill 
Py 
. p 
scale had flaked off the tension plate at 686 kips (3051 KN, - = 1.29). Little 
Py 
whitewash flaking could be noticed on the column web where it joined the 
connection plate and also at the tips of the compression flanges of the column 
stub. No crack was detected prior to the abrupt failure of the tension plate. 
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Chevron markings indicated that a crack had originated at one of the edges of 
the tension plate. A top view of the fractured connection plate showing the 
fracture line is illustrated in Table 6-3. The fracture surface was predominantly 
flat with some slanted surfaces in regions that were close to the weldment. 
Test T5 (Specimen D with 1-5/8 in. ( 41.3 mm) thick connection plate 
welded to the column flanges only): 
This specimen showed the lowest load-carrying capacity of any despite the 
groove weld repair that was made prior to testing. A brittle fracture severed 
the tension plate in the vicinity of the groove weld at 590 kips (2624 KN, 
p 
- = 1.11). Not much whitewash flaking was observed prior to fracture. The 
Py 
ductility ratio of 1. 71 was much smaller than those of the previous tests. The 
amount of plasticity in the tension plate was estimated by measuring the change 
in distances between the punch marks that had been placed prior to the testing. 
Plastic deformation was expected to be larger in regions farther from the groove 
weld where the effect of a two-dimensional state of stress has likely deminished. 
The maximum plastic strain that was measured at midlength of the tension 
plate was less than 0.5% compared with the corresponding value of specimen C 
which was around 5%. A crack initiated at one of the edges of the tension 
plate and propagated rapidly across the tension plate. The cleavage surface was 
flat and some slanted surfaces had formed in regions near the weldment. 
Test T6 (Specimen E with a thick tapered connection plate extended 
3 inches (76.2 mm), not welded to the column web): 
Figure 7-10 illustrates the load deflection curve for this speCimen up to 
p 
760 kips (3380 KN, P = 1.43) with a dashed projection to the ultimate fracture 
y 
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p 
load of 802 kips (3567 KN, - = 1.51). The slight shift of the curve at 650 
Py 
p 
kips (2891 KN, - = 1.23) was due to a longer elapsed time taken for resetting 
Py 
the deflection gages. The average ultimate stress of the tension plate was 80.2 
ksi (553 MPa) with a deformation ratio of 6.81. Most of the whitewash flaking 
of the flange tension plate occurred at loads above 600 kips (2669 KN, 
p 
- = 1.13). 
Py 
At loads near to 750 kips (3336 KN, !_ = 1.42), some whitewash 
Py 
flaked off the column flange tips opposite to the connection plate and also on 
the far ends of the column flange where it was bolted to the joining plates. 
This whitewash flaking is not comparable to that on the tension plate but 
enough to be distinguished from the other column flange and it occurred on the 
same side where a crack initiated. This specimen is the only one in the series 
(Tests T1 to T6) with tension perpendicular to the direction of rolling that 
fractured at a distance away from the groove weld, that is about 27 in. (685.8 
mm) from the column flange tips. 
Very small shear lips could be observed on the fracture surface whereas 
the rest of the shiny areas were relatively flat. 
Test T7 (Specimen A2 with connection plate projecting only 3/4 
inches (19 mm) beyond the column flanges and having a backup 
stiffener): 
This is the first test of a speCimen with a tension plate having a rolling 
direction parallel to the applied load. This provided the specimen with a higher 
ductility as can be observed from the load-deflection curve shown in Fig. 7-11. 
The ductility ratio is 17.7 at 739 kips (3287 KN, !_ = 1.36), the load at which 
Py 
deflection gages were removed. The fracture load is 762 kips (3389 KN, 
27 
.!_ = 1.40) which induces an average tensile stress on the tension plate of 76.2 
Py 
ksi (525 MPa). Whitewash flaking was observed on the tension plate at 560 
kips (2491 KN, .!_ = 1.03) and all mill scales flaked off by the time that a load 
Py 
of 610 kips (2713 KN, .!_ = 1.12) was reached. This is the only specimen in 
Py 
this series of tests that sustained a fracture in the vicinity of the groove weld. 
A crack initiated at one of the edges of the tension plate and propagated at a 
high speed. The fracture surface was flat with very little evidence of shear lips 
on the tension plate edges. Table 6-3 shows the top view of the fracture line. 
Test T8 (Specimen B2 with connection plate extended 3 inches (76.2 
mm), and having a backup stiffener): 
Figure 7-11 illustrates the load-deflection curve up to 707 kips (3145 KN, 
p 
- = 1.30). The ductility ratio under this load was 10.17; however, if the load-
Py 
deflection curve is extrapolated beyond this point as far as the fracture load of 
p 
795 kips (3536 KN - = 1 46) a conservative estimate of deformation ratio of 
' Py . 
about 17.8 can be obtained. At 550 kips (2446 KN, .!_ = 1.01) whitewash 
Py 
started to peel off the tension plate and flaking was completed at 630 kips 
p (2802 KN, - = 1.16). A distinct herringbone pattern of whitewash flaking was 
Py 
observed on the back side of the connection plate at a load of 750 kips (3336 
p 
KN, - = 1.38). 
Py 
A crack that originated from the edge of the tension plate, and 10 inches 
(254 mm) away from the groove weld, branched after it propagated for about 1 
inch (25.4 mm) in the tension plate. The specimen fractured through the main 
crack before the secondary crack met the opposite edge of the tension plate. 
The top view of the fracture line is shown in Table 6-3. The fracture surface 
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was flat with chevron markings pointing back to the crack ongm. There was 
very little evidence of shear lips on the edges of the fractured tension plate. 
Test T9 (Specimen E2 with 1-5/8 inch- ( 41.3 mm-) thick tapered 
connection plate extended 3 inches (76.2 mm)): 
The deflection gages in this test were removed at 744 kips (3309 KN, 
p p 
- = 1.37) prior to the maximum load of 814 kips 
Py 
(3621 KN, - = 1.49) at 
Py 
which fracture occurred. The ductility ratios at these load levels were 9. 72 and 
16.4 with the latter obtained by extrapolation as a conservative estimate of the 
result had the gages remained m place. The load-deflection curve and an 
p 
estimate of the specimen behavior beyond 744 kips (3309 KN, - = 1.37) are 
Py 
shown in Fig. 7-11 by solid and broken lines respectively. Most of the 
whitewash on the tension plate flaked off between loads of 560 kips (2491 KN, 
p 
- = 1.03) and 630 kips 2802 KN, 
Py 
p 
- = 1.16). 
Py 
Also a small amount of 
whitewash peeled off the tip of the column flange opposite to the connection 
plate. The tension plate had undergone a large amount of plastic extension 
when fracture occurred. Cracks initiated on both edges of the tension plate at 
roughly 15 inches (381 mm) away from the groove welding line as shown m 
Table 6-3. Although both cracks contributed to the fracture process and 
eventual separation of the two pieces of the tension plate, their different lengths 
suggested that they were not initiated simultaneously. Also the first crack 
branched out in its early stage of propagation. Chevron markings pointed to 
different directions on both fracture surfaces which were shiny and relatively 
flat. 
Test TlO (Specimen C2 with backup stiffener and tapered connection 
plate extended 3 inches (76.2 mm)): 
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This specimen showed the largest plastic deformation of all ten 
experiments. The load-deflection curve of this specimen is plotted as the first 
curve in Fig. 7-11 along with other load-deflection curves in order to fit this 
curve on the figure. Deflection gages were removed at 787 kips (3500 KN, 
p 
- = 1.44). 
Py 
The maximum load reached was 813 kips (3616 KN, 
where the deformation ratio is 29.6. Fracture occurred at 650 kips 
p 
p = 1.49) 
y 
(2891 KN, 
p 
- = 1.19) after an apparent necking of the tension plate. Whitewash of the 
Py 
p 
tension plate flaked off between loads of 577 kips (2566 KN, - = 1.06) and 608 
Py 
p 
kips (2704 KN, - = 1.12). There was evidence of some yielding on the inside 
Py 
and outside of the column flanges close to the connection plate and backup 
stiffener. Crack initiation sites were at two different locations on the two edges 
of the tension plate as shown in Table 6-3. The first crack had a relatively 
straight trace whereas the second one that started later followed a quarter 
ellipse path which met the first one at mid-width of the tension plate. The 
fracture surface at the point where the second crack initiated was a complete 
slanted surface without any flat region over a length of 1/2 m. (12.7 mm). 
Both cracks had a flat surface with chevron markings pointing towards their 
initiation site. 
2.8 Comparison of Test Results 
Bar graphs illustrating the relative ultimate strength of all these speCimens 
are shown in Figs. 7-12 and 7-13. Numbers on the connection and tension 
plates indicate their thicknesses. It is seen that all specimens reach the yield 
strength of plate material. However, only a few of them could develop ultimate 
loads close to material ultimate strength. Specimens with either rectangular or 
tapered extended connection plates achieve ultimate loads which are higher than 
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those with connection plates almost flush (0.75 inches or 19 mm extensions) 
with column flange tips. This is clearly demonstrated in Figs. 7-12 and 7-13. 
Backup stiffeners also increase the ultimate load of specimens. The ultimate 
load of specimen A without any backup stiffener is 13 percent less than the 
material tensile strength. This ultimate capacity increases for specimen A2 with 
a backup stiffener which is only 7 percent less than the material tensile 
strength. In specimens with extended connection plates, however, the effect of 
backup stiffener is less pronounced. The ultimate loads of specimens E and E2 
are also interestingly close to each other and near to the plate tensile strength. 
It shows that a connection plate which is sufficiently thicker than the tension 
plate can provide enough strength so that the column web weldment and the 
backup stiffener can be eliminated. This is important for a more economical 
fabrication of beam-to-column web moment connections. 
Recapitulating what has been said so far, it can be concluded that: 
• All specimens tested reached the yield strength of material. 
• Six specimens (B, E, A2, B2, C2, and E2) could reach the tensile 
strength of material with a maximum deviation of 7 percent. 
• Backup stiffeners increase the ultimate capacity of specimens without 
extended connection plates while their effect IS less pronounced on 
specimens with connection plates that project 'sufficiently' out of the 
column flange tips. 
• Rectangular and tapered connection plates that project 'sufficiently' 
out of the column flange tips perform equally well. 
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• 'Sufficiently' thick connection plates g1ve nse to the possibility of 
eliminating the column web weldment and backup stiffener. 
• A 'sufficiently' extended connection plate increases the ultimate load 
of a beam-to-column web moment connection by as much as 11 
percent. 
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Chapter 3 
Thoretical Analysis 
3.1 Introduction 
The analytical tools utilized m this investigation are discussed in the 
present chapter together with some background materials. The mam objective 
at this stage of study is first, finding a physical parameter that can readily 
quantify structural improvements (strength or ductility) at some critical regwns 
(reentrant corners or column flange tips) which are obtained by changing 
geometrical variables (connection plate extension or tension plate width). 
Second, is calculating the magnitude of this quantitative parameter accurately 
and efficiently by a certain analytical procedure. 
discussed in more detail in Articles 3.2 and 3.5. 
3. 2 Review of Fracture Mechanics Methods 
These view points are 
This article presents a general review of the fracture mechanics concept, its 
realm of application, its merits and drawbacks, its application in the various 
engineering disciplines, and its degree of success. 
Crack-related problems can be studied at different levels of sophistication, 
each fulfilling certain objectives. At the microstructure level, the mechanisms of 
crack initiation and crack propagation are of paramount importance [26], [14]. 
Such studies in materials engmeenng can eventually lead to materials with 
improved crack-resistant properties. In other branches of engmeermg which are 
more closely affiliated with the design of crack-resistant structures, a 
macroscopic approach is more desirable. Such an approach was first introduced 
by Griffith [25] in the form of the energy that is required to create a new crack 
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surface. Subsequent to this, the development of a mathematical solution for a 
crack embedded in a linear elastic body using complex stress functions led to a 
more quantitative measure of the stress state around a crack tip [68]. A 
parameter, designated the stress intensity factor (K) and its critical value for 
crack extension (KJ was revealed to be a material property. Irwin [34] derived 
the relationship between the stress intensity factor and the elastic energy of 
material that is released during a unit crack length extension (elastic energy 
release rate). Assuming linear elastic material, an analytical expresswn was 
derived for three modes of crack extension which provides the following 
relationship between stress intensity factor K, stress level u, and crack length a 
[13], 
K = Cu.J7:. (3.1) 
In Eq. (3.1), C is the factor depending on crack geometry. 
Linear elastic fracture mechanics (LEFM) is being successfully applied to 
those branches of engineering where unstable crack propagation in the presence 
of a small amount of plastic deformation in front of the crack tip (small plastic 
active zone size) is of primary concern . However, in the elasto-plastic regime, 
where the plastic active zone size is comparable with the other characteristic 
dimensions of the cracked specimen, LEFM can no longer be applied. Several 
different methods have been developed to predict unstable crack propagation in 
this case. These methods, however, are not fully developed and are not yet 
general enough to apply to all the situations that can arise in practice. Some 
of these methods are: the Crack Opening Displacement (COD) Method [67], the 
J-lntegral Method [55], the Equivalent Energy Method [70], and the Strain 
Energy-Density-Function Method [61]. Although each method has its own 
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advantages and disadvantages, the J-lntegral Method and the Strain Energy-
Density-Function Method seem to be more promising in representing a fracture 
criterion. 
3.2.1 Crack Opening Displacement (COD) Method 
The essence of the (COD) method which was first proposed by Wells 
[67] is that it relates a critical crack opening to the onset of fracture. This 
critical crack opening displacement, (COD)c, is held to be a constant value for 
both small specimens, which may have generally yielded, and large structures, 
provided that the fracture mode and the state of stress are identical. The 
critical (COD) value of a material is usually obtained from a 3-point bend 
specimen [45] similar to that used in the K1c standard test procedure [6]. The 
(COD) method IS appropriate for cases when stable crack growth and 
propagation takes place prior to fracture. Depending on the stiffness of the 
testing machine, however, the slow crack growth behavior of the (COD) 
specimen changes and this introduces some uncertenties in the final test result. 
Another source of uncertainty in the experimental evaluation of the (COD)c is 
the assumption of a constant center of rotation for the 3-point bend test 
specimen which is true only after the full plastification of the crack front. 
Also a limitation for practical use of the critical (COD) value is due to 
the fact that it does not provide the critical stress or crack size directly. Other 
means such as a finite element analysis should be used to correlate the (COD)c 
obtained from a test with the stress values calculated by a finite element 
program. 
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3.2.2 The J-lntegral Method 
The J-lntegral Method is one of the several energy-based fracture theories 
which is studied by many researchers and has gained much prominance as an 
elastic-plastic fracture criterion. In the elastic range, as well as in the plastic 
range, under the Henky law of plasticity, the J-integral can be interpreted 
simply as the energy that is released during a unit increase in crack are.;,. In 
other words, as pointed out by Rice [55], the J-integral is the difference in the 
total potential energy between two identically loaded bodies having two different 
but very close crack lengths. The J-integral, as a field parameter, has the 
property that it is independent of the path around which it is calculated (line 
integral m a 2-D analysis and surface integral in a 3-D analysis). In this 
respect, it is not different from the (COD) method or other procedures which 
are based on, say, the ratio of the plastic strain in front of the crack tip to 
some microstructural dimension. In fact, as mentioned by Rice [55], it is a 
measure of the average strain when the J-integral contour coincides with the 
geometric curve of the notch front. The competency of the J-lntegral Method 
rests on its independence from the path around which it is computed. This 
means that the calculation of the J-integral in regions close to the crack tip, 
where the analysis is most subject to error, can be avoided by shifting the 
contour away from the crack tip. Another advantage of the J-lntegral Method 
is the relative ease of its experimental evaluation for a material. Simple 
compliance type experiments [13] can be used to calculate critical values of the 
J-integral under plane strain (J 1J [15], [7] or plane stress (JJ [66] conditions. 
In the latter case, specimens have the same thickness as the structure for which 
the fracture analysis is to be performed. 
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A limitation of the J-lntegral Method which should be mentioned here is 
that, theoretically, it holds its property as a field parameter so long as the 
material is nonlinear-elastic or it obeys the deformation theory of plasticity. 
However, as indicated by Hayes [27], finite element analysis usmg the 
incremental theory of plasticity shows that J values computed from different 
contours around a crack tip are the same within a small margin for a wide 
range of different geometry and loading conditions. He also maintains that 
under monotonic loading (continuously increasing load), the results of the 
deformation and incremental theories should be essentially equivalent. This is 
an encouraging point in the sense that a correlation between the Jc value and 
some macroscopic parameters of the member such as crack length may be 
obtained. Having such a relationship at hand saves a lot of time and effort in 
determining the fracture load of a component. A question also arises on the 
validity of the J-integral as a one-parameter fracture criterion m the case of a 
rigid-plastic material. The slip line field, determined by the plasticity theory, 
indicates that drastic changes m 
configurations and constraints [52]. 
flow occur with changes m loading 
The variation m the flow field alters the 
amount of the spherical stress m front of the crack tip which in turn affects the 
J value. Landes and Begley [10], however, suggested that even in such cases 
crack tip blunting may override the effect of a variation in macroscopic slip line 
field such that a single parameter fracture criterion can still be justified. 
The virtual crack extension method is another way of calculating the 
energy release rate and was introduced independently by Hellen [28] and Parks 
[47]. In this technique, the crack front is advanced by a small amount to 
increase the cracked area by the amount !:::.S. Next, the total energy released 
37 
due to this crack advance is computed. The J value is then found by dividing 
the released energy by the area b..S. A detailed continuum mechanics-based 
formulation of this method is given in Ref. [19]. 
3.2.3 The Equivalent Energy Method 
The Equivalent Energy Method, proposed by Witt [71], is an empirical 
method to correlate the fracture failures in geometrically similar structures of 
vanous sizes. The ratio of absorbed energy up to maximum load in two similar 
structures is obtained on the basis of similitude principles. Then it is presumed 
that this ratio of normalized energy-absorption capacities is equal to the ratio of 
some characteristic dimensions of the two specimens or structures. A 
comparison between this and the J-Integral Method has been published by 
Begley and Landes [11] in which they concluded that, in general, the results 
obtained from the two methods do not agree. 
3.2.4 The Strain-Energy-Density Function Method 
Another energy-based fracture criterion that has a wide range of 
applicability is the strain-energy-density theory proposed by Sih [61]. It IS 
based on the amount of strain energy per unit volume which is accumulated m 
front of a crack tip. In the context of linear elasticity, it can be shown that 
this quantity is the result of the product of two terms, each of which IS a 
function of one coordinate variable (in a polar coordinate system). The term 
which contains the state variable r represents the crack tip singularity, :, as it 
r 
tends to zero. The term incorporating (} as its state variable is called the 
strain-energy-density factor and gives a description of the local strain-energy-
density field on any radial plane that intersects the crack tip. The method can 
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be applied to two- or three-dimensional as well as mixed-mode crack problems 
[61]. The two fundamental hypotheses that are employed in this theory are: 
1) crack initiation takes place in the direction along which the strain-energy-
density factor aquires a stationary (minimum) value, 2) a critical value of the 
strain-energy-density factor should be reached for crack initiation to occur. This 
~ritical value is considered to be a material constant which can be used as a 
measure of the fracture toughness of the material. Recently, by using the 
incremental theory of plasticity [31], it has been shown that this fracture 
criterion can also be applied to nonlinear plastic materials although the critical 
value is different for elastic and plastic crack extensions [62]. 
3.3 Fracture Mechanics Method Adopted in this Study 
The J-Integral Method was considered as the fracture criterion m the 
failure analysis of a simulated beam-to-column web connection detail. Two 
major factors were considered in adopting a fracture criterion: 1) existence of 
testing procedures and standards for experimental evaluation of the critical value 
of the criterion, 2) analytical developments leading to a more efficient numerical 
computation of the desired quantity. In these respects and considering the 
available analytical tools and facilities, namely the finite element method, the J-
lntegral Method was found to be the most competent one. However, the J-
lntegral Method could not be applied to the simulated connection directly. The 
boundary conditions around a reentrant corner violate the assumptions upon 
which the J-integral formulation is based. Hence, a qualitative study was 
initiated to investigate the difference between the J-integral and the average 
effective plastic strain in the vicinity of the crack tip. Plastic strains around 
the crack tip are much larger than the nominal yield strain of the plate 
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material. The analyzed plate is a symmetric double-edge cracked plate under 
remote tensile stresses satisfying the J-integral boundary conditions. The result 
of this study gave confidence m using plastic strain as a quantitative means of 
determining geometries which provide improved stress and strain distributions m 
critical regwns of the connection and tension plates. 
3.4 Finite Element Analysis Adopted in this Study 
The advent of digital computers and the development of the finite element 
method within the last three decades has contributed significantly to resolving 
many complex engineering problems. In the realm of continuum mechanics and 
its diverse branches, the finite element method is being successfully applied to 
solve different types of complex boundary and initial value problems, regardless 
of whether the complexity is due to boundary conditions, transient phenomena, 
or material behavior [57]. A thorough description of the method is given by 
Zienkiewicz and others [72], [9]. Since its development, many finite element 
codes have been written, each with various features and applications [56], [24], 
[2], [4]. One such computer code being utilized in industrial applications and 
by research institutes is ADINA [2]. It has proven to be reliable and efficient 
m linear and nonlinear analyses of many continuum mechanics problems. 
ADINA was used in this investigation for the elastic-plastic analyses of the 
simulated connections. 
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3.5 Sequence and Objectives of Finite Element Analyses 
The sequence and objectives of the various finite element analyses carried 
out in this study are described in this article. Details of the finite element 
modeling, material idealization, and the J-integral approach are given in the 
following articles while the analytical results and their implications are discussed 
m Chap. 4. 
Finite element analyses are performed in three phases in this investigation. 
The first phase is a qualitative comparison between two failure criteria, the J-
integral and the effective plastic strain. Due to the existence of micro cracks in 
virtually all welded joints, it is suspected that a J-integral method is the more 
appropriate failure criterion to consider for cracks emanating from welds. 
However, since boundary conditions for these cracks located at a reentrant 
corner are not the same as those assumed in the J-integral calculations, it had 
to be determined whether more readily obtainable information such as plastic 
strain can be used as the failure criterion in the plastic range. A post-
processing computer program was developed to calculate the J-integral from the 
stress and strain outputs of ADINA. The accuracy of the results of this 
computer program is investigated by calculating the J-integral values for a steel 
plate for which the solution is known [38]. A more detailed discussion of this 
computer program is given in Art. 3.8. 
Finite element analyses m the second phase are performed to determine 
the element types and levels of mesh discretization that will accurately and 
inexpensively model the different regions of the tension and connection plates. 
Of prime interest are regions along the column flange-to-connection plate joint, 
column web-to-connection plate joint, and reentrant corner. The fillet welds 
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joining the connection plate to the column web and column flanges suppress 
through-thickness displacements along the connection plate boundary. The 
bending stiffness of the column flanges also introduce restraint against 
contraction of the connection plate across its width due to Poisson's effect. A 
similar situation exists at the reentrant corner where the bending stiffness of the 
column flanges restrains the free crosswise displacement of the conne~tion plate. 
These conditions give rise to the possibility of using plane strain elements for 
modeling these zones. However, whether plane strain elements are a suitable 
choice for this purpose, and how far away from the constrained boundaries they 
can be extended is to be decided upon following the outcome of this phase of 
analysis. 
In the third phase of the theoretical study, the actual three-dimensional 
simulated connection is analyzed by the finite element method. Six details, each 
with a different amount of connection plate extension, are considered in order to 
investigate the effect of such extensions on strain and stress concentrations 
existing along the connection plate weldments and at the reentrant corner. 
These six details constitute the first set of cases studied in this phase of 
analysis. 
It was learned from prevwus studies [59] that undesirable stress 
concentrations can decrease through changes Ill the geometrical configuration of 
the connection plate. However, there are two assumptions leading to 
shortcoming in those studies: 
1. Analyses are carried out only up to the nominal yield load of the 
tension plate. 
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2. Total or deformation theory of plasticity [44], [31] 1s used m 
formulating the nonlinear behavior of a continuum. 
In the former assumption, the level of loading is not large enough to permit the 
study of the connection in the strain-hardening range. Besides, the latter 
assumption only yields acceptable results provided that unloading does not 
occur, the strain path IS a straight line (constant stress-strain ratio~), and 
strains are small enough so that their squares can be neglected [31]. Therefore, 
the Hencky stress-strain equations of plasticity are not adequate for this case 
since large plastic strains are expected to occur. Instead, the more general 
incremental plasticity theory is used to predict plastic flow in the connection 
and tension plates. A computer code having the capability of analyzing 
incremental plasticity problems is utilized to determine a safe lower bound for 
the connection plate extensions [2]. 
The effect of expanding the tension plate width on the stress distribution 
at the reentrant corner and in the connection plate is studied by analyzing four 
different details. These details which are discussed in full in Art. 3.5.3 
comprised the second set of cases of this analytical phase. 
3.5.1 Finite Element Analysis - Phase I 
As is mentioned in Art. 3.5, the purpose of this finite element analysis is 
to determine whether the J-integral and the effective plastic strain can be used 
equivalently m evaluating the effectiveness of different types of simulated 
connection details. To determine the validity of results from the post-processor 
code, the J value is calculated for the opening mode [13] of a through-thickness 
central crack. Then, the calculated J-integral values are compared with those 
obtained by Kobayashi et al. [38]. 
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A relatively crude mesh is used to discretize the second quadrant of a 
doubly-symmetric 3.2 x 2.4-inch (81.3 x 61.0-mm) through-thickness cracked 
plate as is shown in Fig. 7-14. The key figure in this illustration shows the 
overall geometry of the cracked plate. Four- and five-node quadrilateral plane 
strain elements are used. The Ramberg-Osgood stress-strain relationship 
originally used by Kobayashi [38] is modeled by a seven-point elastic-plastic 
multi-linear curve with isotropic hardening. Table 6-5 shows the stress and 
strain values that are used in the multi-linear curve. Four triangular six-node 
elements are used m the crack tip region. The two middle nodes close to the 
crack tip are shifted to the quarter distance from the crack tip in order to 
simulate the existing v-
r 
singularity [29]. It should be mentioned that smce 
the J-integral calculation involves stress and strain values away from the crack 
tip, their exact values in the crack tip vicinity are not needed. This relieves 
the convergence problem in numerical calculation of large strains which is 
encountered at loads well above the nominal yield load of the material. 
Concentrated nodal loads were applied m six steps from zero up to 250 ksi 
(1724 MPa). Large deflection and small strain assumptions are used in the 
analysis. These assumptions conform to the strain and deflection outcome of 
the last loading step. Strains outside a 0.3-inch (7.6-mm) radius around the 
crack tip are less than 2.2% with deflections on the loaded boundary of about 
0.02 inches (0.51 mm). The inaccuracy in stress and strain values inside the 
0.3-inch (7.6-mm) radius due to the small strain assumption is local and does 
not affect the J values significantly. Three different paths, as shown in Fig. 
7-14, were chosen along which the J-integral values are calculated. The crack 
length, a, in this analysis is 0.3 inches (7.6 mm) with the characteristic 
a 
parameter of w = 0.25, where W is the plate width. 
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Plane stress elements are utilized to model the 1.0 x 1.0-inch (25.4 x 25.4-
mm) ASTM A-572 plate shown in Fig. 7-15. The overall geometry of this 
double edge-cracked plate is shown in the key figure of the same illustration. 
Large deflections and large strains are assumed Ill the J-integral analysis of the 
plate which has a symmetrical double-edge crack. The crack length is assumed 
to be 0.25 inches (6.3 mm). Regular six-node triangular elements are used at 
the crack tip since very accurate stresses and strains in this region are not 
needed. The J-integral values versus the effective plastic strains obtained from 
this analysis are plotted for applied loads up to 30% above the nominal yield 
load of the plate. The relatively close correspondence between these two 
parameters (discussed in Chap. 4) indicates that plastic strain can be utilized as 
a criterion upon which to judge the effectiveness of better geometries. 
3.5.2 Finite Element Analysis - Phase II 
The restraining effect of fillet welds on through-thickness displacements 
suggests that plane strain elements might be appropriate. There is a possibility 
that stress concentration at the reentrant corner together with restraint of 
displacement across the connection plate width can result in a triaxial state of 
stress in the reentrant zone. This can in turn justify the application of plane 
strain elements in that area. Since the state of stress in other regwns Is plane 
stress, a combination of plane strain and plane stress elements are to be used. 
This introduces a stress JUmp in the transition region which does not exist in 
reality. The severity of such a stress discontinuity is investigated by providing 
a finer mesh in the transition region. The two finite element models that are 
used to evaluate the effect of weldments on through-thickness stresses and 
strains are designated as Cases A and B. To avoid confusion, note that there is 
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no relation between lettering designations used for test specimens and those used 
m the analytical phase of this study. 
Figures 7-16 and 7-17 show mesh discretization for Cases A and B. Plane 
strain elements are shaded in both figures. Only one half of the connection and 
tension plate assemblage is analyzed due to the existence of a longitudinal axis 
of symmetry. The assemblage is placed in the Y-Z plane (parallel to the plane 
of paper) and under the following boundary conditions: 
1. All boundaries parallel to the Y axis are free to displace m the Y -Z 
plane. 
2. The boundary that coincided with the Z axis (axis of symmetry) IS 
allowed to move in the Z direction only. 
3. Assuming an infinitely rigid column flange, the corresponding adjacent 
boundary was fixed against both Y and Z displacements. 
Figures 7-16 and 7-17 also show these boundary conditions schematically. 
The above boundary conditions introduce more restraint than that existing in 
reality; thus, the results of this study can be conservatively extrapolated to a 
three-dimensional analysis of the simulated connection. 
In Case A, plane strain elements are utilized to model a 1.4-inch (35.6-
mm) wide band along the column flange weldment and around the reentrant 
corner. By using a relatively fine mesh in the transition regwn between plane 
strain and plane stress elements, the unrealistic stress jump is confined to a 
narrow band along the transition line. It therefore can be disregarded. Plane 
strain elements in Case B are only 0.4 inches (10.2 mm) wide without any fine 
transitional mesh. 
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To evaluate the element type used at the reentrant corner, another finite 
element model, called Case C, IS employed. The finite element mesh used in 
this case is the same as Case B. However, elements surrounding the reentrant 
corner are three-dimensional solid elements. Figure 7-18 shows a blown up 
outline of the reentrant corner mesh for Case C. The shaded area in the key 
figure depicts the blown up regwn. The solid elements are attached to the 
neighboring plane stress elements at their middle plane nodes. Additional 
constraints are imposed on all nodes above and below the boundary line 
between plane stress and solid elements. The Y-Z displacement components of 
such nodes are prescribed to be the same as the middle plane nodal 
displacements, although they are free to move m the X (through the thickness) 
direction. Ten solid elements cover an area of 0.5 square inches (323 square 
milimeters). Element dimensions are 1.0 x 0.25 x 0.20 inches (25.4 x 6.3 x 5.1 
mm) in the X, Y, and Z directions respectively. In the analysis, 4-node 
quadrilateral elements are used for plane strain/stress elements and 12-node 
three-dimensional elements are employed for solid elements. Two-point Gauss 
quadrature is used to integrate element stiffness matrices in Y and Z directions 
m all three cases. A 3-point integration scheme is adopted in the X direction 
of solid elements due to relatively large height-to-base ratio of the three 
dimensional elements. Loading and boundary conditions are the same in all 
three cases. A uniformly distributed tensile load is applied at the free end of 
p 
the tension plate and up to 40.0 kips (178 KN, - = 0.74). At this load, more 
Py 
than half of the plane strain elements along the column flange and all elements 
at the reentrant corner are in the plastic range. A series of plots are presented 
m Chapter 4 upon which decisions are made on the finite element mesh 
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discretization and the element types used m the third phase of the finite 
element analysis. 
3.5.3 Finite Element Analysis - Phase III 
A schematic view of the simulated connection analyzed m the third part of 
this study was previously shown in Figure 7-3. Since two planes of symmetry_ 
are present, it is sufficient to analyze only one quarter of the specimen (located 
in the first quadrant of the global X- Y -Z coordinate system). In order to 
increase the efficiency of the solution process, one main structure and two 
substructures are used to model the whole specimen. A limited substructuring 
is permitted in ADINA so long as nonlinearities are contained within the mam 
structure. Therefore, tension and connection plates are modeled as the mam 
structure in all subsequent analyses. The column web and column flange, each 
with their neighboring rigid beam elements, constitute two independent 
substructures. Figure 7-19 shows the outline of the specimen modeled in the 
first quadrant of the global X- Y -Z coordinates. Dashed lines in the figure 
enclose main and substructures. 
A plan view of the finite element mesh of the tension and connection 
plates forming the main structure is shown in Fig. 7-20. A narrow band with 
two different widths, 0.5 and 0.4 inches (12.7 and 10.2 mm), lying along the 
column web and column flange respectively is modeled by plane strain elements. 
This is represented as "Element Group 1" in Fig. 7-20. The rest of the 
connection and tension plates are modeled by plane stress elements. All 
elements are 4-node quadrilateral elements with two degrees of freedom per node 
except for those in the mesh transition regions which have up to six nodes per 
element. Six different cases called D, E, F, G, H, and I are analyzed with the 
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connection plate extension as the only variable. The amount of extension is 
expressed in percent of the connection plate length defined as the distance 
between the face of the column web and the tip of the column flange (7.3 
inches, 185.4 mm). The percent extension of the connection plate for Cases D, 
E, F, G, and H are 0.0, 8.2, 16.4, 27.4, and 38.4 respectively. Case I has a 
tapered connection plate extending 2.8 inches (71.1 mm, 38.4 percent of the 
connection plate length) beyond the column flange tip. Figure 7-20 illustrates 
the step-wise growth of the connection plate in each case. The mm1mum 
numbers of nodes and DOF's in the main structure (tension and connection 
plates) are 253 and 501 respectively for Case D where the connection plate is 
flush with the column flange. In Case H with a 38-percent connection plate 
extension (2.8 inches or 71.1 mm), the number of main stucture nodes increases 
to 321 with 637 DOF's. Element dimensions along the free edge of the tension 
plate where the uniformly distributed load is applied are 1.0 x 1.6 inches (25.4 
x 40.6 mm). The element size is gradually reduced to 0.2 x 0.2 inches (5.1 x 
5.1 mm) at the reentrant corner and column flange tip. 
Three groups of elements are defined in the main structure (see Fig. 
7-20). The area adjacent to the weldment is constrained against contraction or 
expansion in the X direction and hence, is modeled by plane strain elements. 
The width of the band is about 6 percent of the half column clear depth (0.4 
inches or 10.2 mm) and extends the same amount beyond the column flange 
tips in cases when the connection plate extension exists. The state of stress in 
other regions is plane stress and can be modeled by plane stress elements. 
Since the analysis was planned to be carried out well beyond the nominal yield 
load of the tension plate, it was expected that strains in some portions would 
49 
become so large that infinitesimal strain assumptions would be violated. 
Consequently, the small deflection and large strain assumptions are deemed to 
be more suitable for the first two groups of elements [41]. Geometrical 
nonlinearities in element group No. 3 include the large displacements in addition 
to the large strains. This additional nonlinearity was necessary because 
dispfacements in the reentrant corner were of the same order of magnitude as 
the smallest finite element size (0.2 x 0.2 inches, 5.1 x 5.1 mm). Similarly, m 
regions close to the boundary where force boundary conditions are prescribed, 
nodal displacements are only one order of magnitude less than the largest 
element dimension (1.0 x 1.6 inches, 25.4 x 40.6 mm). However, in areas where 
the infinitesimal strain and displacement assumptions were true during the entire 
range of loading, a Lagrangian or Eulerian formulation for large deformations 
yields the same result as those which are based on small deformation theories 
[30], [43]. 
In the second set of cases, four different details called 0, D, L, and N are 
considered in order to study the effect of the tension plate width on the 
magnitude of effective plastic strains at the reentrant corner. Connection plates 
in all of these cases are flush with the tip of the column flange as shown m 
Fig. 7-21. Case D IS common m both set of cases studied in this phase of 
analysis. Note that the mesh discretization shown in Fig. 7-21 belongs to Case 
N. The level of mesh refinement at the reentrant corner was preserved for the 
rest of the cases with narrower tension plates by changing the mesh 
discretization of Element Group 3 shown m the same figure. The tension plate 
width ratio m the present set of cases IS defined as the ratio of the tension 
plate width over the clear column depth or the connection plate width (12.8 m., 
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325.1 mm). This ratio for Cases 0, D, L, and N are 62.5, 78.1, 87.5, and 93.8 
percent respectively. The element groups and nonlinearitiy assumptions are the 
same in both set of cases. 
The column web is modeled as substructure No. 1 with 39 nodes and 122 
degrees of freedom (DOF). Substructure No. 2 containes the column flange and 
has 58 , nodes and 200 DOF's. The column flange and column web are 
discretized using plate bending elements which are joined to each other and to 
the connection plate with a set of rigid beam elements. The need for such 
relatively rigid links is due to the large thickness of the column section. In the 
case of a W14x257 column section, the width and the length of the connection 
plate would be increased by as much as 14 percent and 8 percent respectively, 
had the plate bending elements been extended to the middle planes of column 
flange and column web. On the other hand, shifting the plate bending elements 
to the boundaries of the connection plate would underestimate the stiffness of 
the column section. Therefore, accommodation of the rigid beam elements IS 
necessary m order to preserve the relative geometry of the specimen. This kind 
of modeling procedure was also used m the earlier analyses of the simulated 
beam-to-column connections [58]. 
The plate bending element formulation that is currently used m ADINA IS 
based on a triangular geometry. Hence, the spatial isotropy of a continuum IS 
affected by mesh discretization [ 1]. Such geometrical isotropy IS arranged in the 
upper portion of the column flange mesh where elements are relatively large as 
shown in Figs. 7-22 and 7-23. Preservation of spatial isotropy in other regions 
would reqmre a larger number of elements. The increase in analytical cost due 
to the column mesh refinement can not be justified smce the resulting 
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improvement m accuracy is small. This can be visualized by invoking the Saint 
Venant 's principle. That is, small disturbances in the stress field of the column 
web and flange have little impact on the stress concentration around the 
reentrant corner. 
Uniformly distributed loads are applied at the free end of the tension plate 
as shown in Fig. 7-20. A total number of eight load steps with un.equal load 
increments are considered. The load values are 20, 40, 50, 53.7, 55, 60, 65, and 
70 kips (89, 178, 222, 238.9, 245, 267, 289, and 311 KN) corresponding to load 
ratios of 0.37, 0.74, 0.93, 1.00, 1.02, 1.12, 1.21, and 1.30. The load ratio is 
calculated by dividing the applied load by the yield load of material. Stiffness 
matrices are updated at the beginning of each load step to include the effect of 
large displacements and large strains on element stiffnesses. Subsequently, 
iterative numerical solution of the equilibrium equations obtained from the newly 
reformated stiffness matrices are carried out to determine nodal displacements. 
The nominal yield load of the tension plate is 53.7 kips (238.9 KN). Analysis 
beyond 70 kips (311 KN) was found to require smaller increments m order to 
meet the convergence criterion. It IS a plastic bifurcation type of problem 
[18] and is not the objective of this study. The maximum number of 
equilibrium iterations needed in any of the above five cases (D, E, F, G, and 
H) is eight and occurs at the fifth load step; that is, the load step which 
commenced after the nominal yield load of the tension plate. In Case I which 
has a tapered connection plate, 15 iterations are required at load step No. 5 
before convergence is achieved. 
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3.6 Material Modeling 
The mathematical modeling of material properties is carried out with 
consideration given to the fact that the nonlinear analysis of the simulated 
connection includes large deformation behavior at least in some portions of the 
tension and connection plates. This requires that true stress-logarithmic strain 
curves be used to describe material behavior in regions where strains are of 
finite magnitude [9]. As was mentioned earlier, the rolling directions of the 
tensile coupons were both parallel and perpendicular to the pulling direction. 
The coupon test results (Fig. 7-6), however, showed that this did not have a 
significant effect on the material's mechanical properties. Hence, the true stress-
logarithmic strain curves [48] are constructed from results of coupons No. 4 and 
No. 5 which had their rolling directions parallel to the applied tensile loads. 
The relationship between true stress, u, and natural strain, f', IS approximated 
by a power function [32]: 
iT = K i"n (3.2) 
where K and n are material constants. The first factor, K, is the strength 
coefficient and is equal to the stress at a natural strain of £=1. The second 
factor, n, is the strain-hardening exponent. Bars are used to differentiate 
between true and engineering stress and strain components. The relationship m 
Eq. (3.2) best fits the rapidly nsmg part of the curve which IS the regwn of 
most interest in the early stages of finite strain deformations. The material 
constants, K and n, can be determined such that the resulting true stress-strain 
curve passes through the yield and tensile strength points of the material [40]. 
In this method, here called Method 1, advantage IS also taken of the fact that 
strain at the necking point (tensile strength) is equal to the strain-hardening 
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exponent. After substituting the true stresses and strains in Eq. (3.2) and some 
algebraic manipulations, the following system of equations can be derived: 
iT - K i; { y-iTU n (3.3) )n 
iTy iy 
The K and n values are calculated from the above two equtions for tensile 
coupons No. 4 and No. 5. The value of n computed in this fashion deviates 
from the necking strain of the tensile tests, i k, by as much as 20 percent. 
nee 
To circumvent this problem, true stresses and natural strains at yield and 
fracture points are inserted into Eq. (3.2) (Method 2). The natural strain at 
fracture in Method 2 is calculated from the area of the fracture surface 
assuming that a constant-volume condition holds during plastic flow. Expressing 
this condition for the original (subscript 'o') and the· final (subscript '/') state 
of strain: 
where A and L are the cross sectional area and the gauge length of coupons 
respectively. Writing L 1 in terms of the original length, L 0 , and the gauge 
length elongation, !:!.L, gives: 
L + !:!.L A 0 0 
L A! 0 
A 
0 
1 + f.!= 
A! 
Taking the natural logarithm from both sides of the above equation and 
substituting for the final engineering strain, f. 1 , yields: 
(3.4) 
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where £ f is the final natural strain (natural strain at fracture). The average 
true stress at fracture is determined by dividing the fracture load of a coupon 
by its fracture surface area. The error involved in calculating true fracture 
stresses by this method stems from uncertainties in reading the fracture load. 
The fracture loads of coupons were estimated when the pointer of the loading 
gauge was dropping during the necking (tensile instability) process. Lateral 
elastic contraction due to the Poisson's effect is neglected in the calculation of 
fracture stresses. Although the uncertainty in reading the fracture load could be 
as much as =J=3 percent, it is not detrimental to the outcome of this study since 
larger approximations are made later when a bilinear-plastic model is adopted to 
represent material behavior. Material constants obtained from these two 
methods are tabulated in Table 6-4 for coupons No. 4 and No. 5. Also given 
in this table, are natural strains at necking, £ k, for tensile specimens No. 4 
nee 
and No. 5. It is seen that the average strain-hardening exponent calculated by 
Method 2 deviates by 7 percent from the average necking strain of the tensile 
coupons. It deviates by 15 percent in Method 1. The average values of K and 
n determined from the second method are used in plotting the true stress-
logarithmic strain curve shown in Fig. 7-24. 
3. 7 Material Idealization 
The nondimensional true stress-strain curve is plotted in Fig. 7-24. In 
this figure, stresses are normalized through dividing them by the average yield 
stress of the five coupons, that is, uy=53.7 ksi (370.3 KPa). The yield strain 
obtained from this average yield stress, Ey=53. 7 /29000=0.001852 in/in, is used to 
normalize strain values measured along the horizontal axis. This normalized 
true stress-strain curve is approximated by the two straight lines shown in Fig. 
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7-24. The line representing elastic behavior of the idealized material has a slope 
of 29000 ksi (200000 MPa) and passes through the point with unit abscissa and 
ordinate. The slope of the strain-hardening segment is chosen such that the 
shaded areas between the yield and fracture strains and enclosed by the true 
stress-strain curve and this line are equal. This yields a tangent modulus of 
500 ksi (3400 MPa) which is about 30 percent less than the average strain-
hardening modulus, 700 ksi ( 4800 MPa), that was calculated from the results of 
the five coupon tests. In this fashion, the two models become equivalent 
energywise; i.e., the strain energy dissipated during a plastic deformation up to 
the necking strain is the same in both materials. In the analyses that are 
carried out later, nowhere in the medium did strains reach the necking strain 
This results in an overall softer material which can partially 
balance out some of the overall structural rigidity that is imposed on any 
continuum which is analyzed by the finite element method. 
Another possibility in bilinear idealization of the stress-strain curve IS via 
treating the material yield point as a variable. In this method, the slope of the 
strain-hardening line is assumed to be equal to the tangent modulus of the 
power-law curve at a point well beyond the yield zone. The strain-hardening 
line may then be shifted upward or downward in order to acheive a balanced 
area above and below this line. The material yield point determined by 
intersecting this line and the elastic line can vary by as much as 50 percent in 
this process. However, it may result in a better estimate of stresses and strains 
when most of the continuum goes into the plastic range. 
In the bilinear-plastic idealization of the material used in the connection 
and tension plates, the yield stress is assumed to be the same as the average 
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yield stress of the first five coupons. The material properties after the 
aforementioned simplifications are: 
uy=53.7 ksi (370.3 MPa) E=29000 ksi (200000 MPa) Et=500 ksi (3400 MPa). 
Furthermore, an isotropically-hardening Prandtl-Reuss material with von 
Mises yield criterion is adopted to represent material behavior in the plastic 
range. These are the most suitable assumptions used to describe a metal 
behavior such as structural steel [31]. A linearly elastic behavior is assumed for 
plate bending elements that model the column stub of the simulated connection 
during the full course of loading. The elastic modulus of the material used for 
this column stub is E=29000 ksi (200000 MPa). A fictitious elastic material 
property with E=1010 ksi (6.9xl010 MPa) is assumed for the rigid beam elements 
(see Fig. 7-19). Care should be taken in assigning such material properties 
since ADINA aborts the analysis with a warning message whenever the relative 
stiffness of any two single elements exceeds 1011 . 
3.8 The J-Integral Approach 
The background of this method was described m Art. 3.2. The value of 
the J-integral in a two-dimensional plane problem is the energy release rate per 
unit crack extension for a finite crack embedded in an infinite plane or an edge-
crack embedded in a semi-infinite plane with considerations given to small 
displacement gradients and deformation theory of plasticity. In a more general 
way, the three components of vector Jk (k=l,ll,JII) corresponding to values of 
the J-integral for three different cracking modes, is given as: 
{ (Wnk - T. u. k) dl lc ' •, (3.5) 
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Here, W is the strain energy density, Ti is the traction vector on the outer side 
of contour C, n is the unit outward normal to C, and u is the displacement 
vector [16]. Spread of plasticity in the continuum requires that the J-integral 
to be computed in a stepwise fashion. In other words, increments of the J 
value should be calculated and summed up at each load step as loading 
proceeds. 
In the following article, the incremental representation of formula (3.5) IS 
derived for Mode I crack extension and can be obtained for other modes in a 
similar way. It should be pointed out that a direct evaluaton of the J-integral 
which is a line integral in a two-dimensional plane problem has been adopted 
rather than a surface integral computation (such as m the virtual crack 
extension method [20]) due to less input data that is needed in the former case. 
However, if the finite element code is accessible to the user, the latter may be 
more efficient. 
3.8.1 Incremental Representation of the J-Integral Equation 
The J-integral expression for Mode I crack extension is written as: 
r au 
JI = Jc (Wdy - T. ax ds) 
where 
T = u.n 
and 
W = W(x,y) = ru .. dE .. lo '1 '1 i,j=1,2 
(3.6) 
(3.7) 
(3.8) 
The boldface characters indicate vector quantities and u represents the stress 
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tensor. The incremental equation for J is derived by integrating the right hand 
side of Eq. (3.6) over a finite length of contour C. This yields: 
au 
!::.J
1 
= W!::.y- T.- !::.s 
ax 
where 
!::.x 
!::.y 
-t::.s n y 
!::.s n 
X 
(3.9) 
(3.10) 
Figure 7-25 shows a finite length of contour C, !::.s, and its components, 
!::.x and t::.y, in the X-Y coordinate system. The positive direction of !::.s is 
shown by a small arrow on its length in the figure. 
Figure 7-26 shows components of the traction vector T acting on a finite 
length of curve C. Writing the X-Y components of the traction vector, 
Tx and TY, in terms of the stress tensor components yields: 
(~X) (~X U T) (:X) 
y y y 
which is the matrix form of Eq. (3.7). The above matrix equation can be 
expressed as the following algebraic equations: 
T = u n + rn 
X X X y (3.11) 
TY = rnx + uyny 
The expansion of the last vectorial term of Eq. (3.6) and substitution of Eq. 
(3.11) leads to the following expresston: 
au au av 
T. ax T + T X ax y ax 
or 
au au av 
T -- (un +rn)-+ (rn +un)-
. ax - X X y ax X y y ax (3.12) 
Combining Eqs. (3.9), (3.10), and (3.12) gtves the final incremental form of the 
J-integral equation: 
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au av au av 
/:i] = (W-u --r-)!:iy + (r-+u -)l:ix 
X ax ax ax y ax (3.13) 
Figure 7-27 illustrates two different geometries of contour C in the r- s natural 
coordinate system of an element. Assuming that contour C passes through 
some of the element integration points, the same quadrature points used in a 
finite element analysis can be utilized for subsequent calculation of the J-
integral. Hence: 
n 
t = number of integration points along C (3.14) 
i=l 
The merit of such an assumption for contour C is that the finite element codes 
usually provide the stress and strain outputs at the element integration points 
where the accuracy of the Gauss quadrature scheme IS the highest. Knowing 
au 
the stresses and strains at quadrature points, it remains only to calculate W, -, 
ax 
!:ix, and l:iy and substitute them in Eq. (3.13) for each integration point 
that lies along C. This process of numerical integration will be carried out here 
for the i'th quadrature point of a 4-node quadrilateral element. In the following 
formulae i and m subscripts indicate quadrature point and element numbers 
respectively and (,) represents derivative with respect to the variable which 
immediately follows it. Adopting the notations of reference [9] for displacement 
gradients m the global and natural coordinates, the following equation can be 
written: 
( au ax au 
By 
au 
ar 
au 
as 
(3.15) 
where [Jr 1 Is the mverse of the element's Jacobian matrix determined from: 
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xl yl ( h h h h )i ( )m [ J]im l,r 2,r 3,r 4,r x2 y2 h h h h 1,3 2,3 3,3 4,3 
x3 y3 
x4 y4 
or 
[ J]im (~·r)i [X Y]m (3.16) 
,3 
X, Y, and H are vectors that list the nodal X and y coordinates and 
interpolation functions respectively. As was mentioned earlier, the subscripts i 
and m indicate that elements of the corresponding matrices should be evaluated 
at the i'th integration point of the m'th element. The same procedure can be 
av 
used to calculate the - component. 
az To determine the value of C1x it IS 
recognized that integration will be carried out parallel to the r axis (Fig. 
7-27(a)) which implies that derivatives of all functions with respect to r should 
be zero along C. This gives: 
C1x 
or 
C1x = 1 ox d6 
c 06 
1 ox ox ( -;-dr + -ds) C ur 06 
Then, the increment of C1x at integration point of element m Is: 
ox 
C1x. 
1m 
(-) w. = [H ]. {X} w. 
06 im 1 ,3 ' m , 
(3.17) 
(3.18) 
In the above equation, wi is the weight of the integration point i. The values 
of w. can be found from the weights of the Gauss quadrature scheme through 
' 
the following formula: 
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w.=a a 
t r s 
(3.19) 
Here, a and a are the weights of the Gauss quadrature rule corresponding to 
r s 
the r and s values of point 1. For a two-point quadrature we obtain: 
w. = l.Oxl.O = 1.0 
t 
The last term to be computed in Eq. (3.13) is the strain energy density, W, 
and should be calculated cumulatively over the entire range of loading. 
Equation (3.20) is the incremental form of W: 
(3.20) 
.6. W l 1s the increment of the strain energy density at quadrature point i of 
tm 
element m at load step I. Figure 7-28 depicts stresses and strains at load steps 
1-1 and I. For a homogenious material, t.W!m is computed from the following 
equation: 
or (3.21) 
In Eq. (3.21), u and E represent all three components of stresses and strains in 
a two-dimensional plane problem. The sum of the energy increments from each 
set of stress and strain components results in the increment of the strain energy 
density, .6. W l . 
tm 
62 
3.8.2 Path of Contour C 
The assumption that contour C passes through the integration points of 
the elements that are located along the J-integral's path is one of the several 
possibilities that can be implemented in this numerical integration process. One 
of such possibilities is shown in Fig. 7-29 where contour C passes through the 
interelement boundary and b.J is' calculated as the average of the two b.J values 
adjacent to C. The improved accuracy of b.J obtained in this fashion requires 
about twice as much calculating effort as is needed for the case when contour C 
passes through the integration points and can not be justified in this study. 
The computer code that calculates b.J considers two types of elements 
(Fig. 7-27). In the first type only the first and the second quadrature points 
coincide with the J-integral's path. The second type is used wherever there is a 
right turn or kink in the contour. The corners of a rectangular curve are 
places where such elements are utilized. It is presumed that turnings along the 
J-integral's path are either all left turns or all right turns. In the event where 
all turns are to the left, the positive direction of the path can be reversed in 
order to render them as right turns. This results in a J value that is the same 
in magnitude but different in sign. The mathematical modeling of this type of 
element assumes that the first, second, and fourth quadrature points are along 
the path. Hence, for using this post-processor code, it is important that 
element nodes are numbered such that they are oriented properly. It should 
also be kept m mind that the positive orientation of contour C 1s 
counterclockwise m a right-handed X- Y coordinate system when a crack is lying 
on the X ax1s and pointed towards the positive X direction. 
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Chapter 4 
Presentation of Results 
4.1 Introduction 
Analytical results are presented in this article in the same order as they 
were discussed in Art. 3.5. It should be emphasized again that notations that 
are used for different cases in the analytical sections do not bear any relation to 
specimen lettering designations that were used in the experimental sections of 
this study. Most of the graphs in this chapter are presented in non dimensional 
units in order to save the effort of conversion of units and to facilitate 
visualization of relative behavior of several curves simultaneously. 
4.2 Results of Phase-I of the Finite Element Analysis 
The first phase of the finite element analysis (Art. 3.5.1) is to compare 
two failure criteria, the J-integral and the effective plastic strain. First, the J-
integral values are calculated for a presolved problem in order to evaluate the 
accuracy of the post-processor code that was developed for this purpose. Then, 
a comparison between the aforementioned failure criteria is carried out for a 
symmetrical double-edge cracked plate. 
The J-integral values that were calculated by the post-processor code 
described earlier and using the ADINA stress and strain outputs are compared 
with results obtained by Kobayashi et al. [38] in Table 6-6. The first three 
columns in this table show applied loads, applied stresses, and stress ratios 
(ratio of applied stress to the yield stress of material) at which the J-integral 
values are calculated. The J values obtained from three different paths (see 
Fig. 7-14) are tabulated in the next three columns of the table followed by the 
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average of the J value of all those paths. The J-integral values from the three 
contours are close to each other as they should be since J is independent of the 
path. The last two columns show the ratios of the J-integrals from reference 
[38] to the calculated values. It should be mentioned that these ratios 
correspond to contours which are nearly passing through similar locations. 
Despite a relatively crude mesh used iii this analysis (only 52 elements versus 
253 elements in Ref. [38]), the results compare well up to a stress ratio of 0.75. 
This is indicated in the last two columns with values close to one. Dashed 
lines indicate that results are not available from Ref. [38] for load ranges 
between 75 percent and 100 percent of the yield load. At loading steps close to 
the yield stress of material, variations between the calculated J and those from 
Ref. [38] are as much as 25 percent. This is partly due to the fact that the 
Ramberg-Osgood stress-strain relationship is approximated by a multi-linear 
curve. This introduces approximations not only in the stress and strain 
magnitudes but also in the calculation of the strain energy density which is 
discussed in Art. 3.8.1. This inaccuracy becomes less pronounced as the number 
of broken lines in the stress-strain curve mcreases. Another way to enhance the 
accuracy JS to mcrease the number of load steps as the elastic-plastic interface 
grows into the J-integral path. However, this increases the computational time, 
and hence, the cost of analysis. By the same token, improvement in the 
accuracy of the computational work by using a finer finite element mesh is not 
warranted since the objective at this stage of analysis is mainly a qualitative 
investigation rather than a quantitative study. 
Next, the J-integral values are computed for a symmetrical double-edge 
cracked plate (Fig. 7-15). The material property in this calculation is the same 
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as the one used m the simulated connection tests. Results of this analysis are 
shown in Tables 6-7 and 6-8. It is seen from Table 6-7 that variation between 
the J values obtained from path 1 (Fig. 7-15) and the average J-integral from 
paths 1 and 2 goes as high as 13 percent at an applied stress which is 7 4 
percent of the yield stress. This much variation, as was mentioned before, IS 
due to plastification of some elements along the first path (vertical portion of 
the contour in front of the crack tip in Fig. 7-15) while the second path is still 
runnmg through an elastic medium. The difference between the above two J-
integral values decreases when the whole plate plastifies. 
Increments of plastic strain components at any point can be combined and 
represented by a single scalar quantity called the effective plastic strain 
increment, d EP. Summation of these quantities, as the plastic deformation of 
the material proceeds, results m the (total) effective plastic strain. It 
incorporates all uniaxial plastic strain components into a single-valued 
parameter. The value of this parameter indicates the extent of plastic 
deformation that the material at a specific point sustains through a certain 
stress path. 
A comparison between the percent average of nondimensional J-integral 
J 
values, r;.-, and the percent average of effective plastic strains, Eeff' is made in 
uya 
Table 6-8. Plastic strains at integration points of the most-strained triangular 
element next to the crack tip are averaged and used for this purpose. The 
product of yield stress CTy and crack length a has the same dimension as the J-
integral and is used as the non dimensionalizing constant. The nondimensional 
factor r;. is determined such that the percent of normalized J-integral at yield 
stress has the same value as the percent of yield strain. This occurs at load 
step No. 6 (stress ratio = 1.0) in Table 6-8. 
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Figure 7-30 illustrates variations of these two non dimensional parameters 
with respect to load ratios. The horizontal axis in this figure measures ratios 
of applied stresses to the yield stress of material while the vertical axis 
represents percent of either plastic strains or normalized J values at a certain 
applied stress ratio. The figure shows that the behavior of these two 
nondimensional parameters IS very similar as 'loading mcreases. This suggests 
that plastic strains can be used to indicate whether a certain type of geometry 
improves the risk of failure, although the failure originates from embeded cracks 
in that region. From this point on, plastic strains that are obtained from the 
finite element analysis become the criteria upon which effectiveness of a certain 
geometry in reducing stress concentrations is judged. 
4.3 Results of Phase-11 of the Finite Element Analysis 
The second phase of the finite element analysis was to determine whether 
plane strain should be used along the welded boundary of the connection plate 
and at the reentrant corner. 
Figures 7-31 and 7-32 show plots of the nondimensional through-thickness 
o-
x (X direction) stress variation, -, along the column flange-to-connection plate 
o-y 
p 
weldment for Cases A and B at 20 kips (89 KN, - = 0.37) and 40 kips (178 
Py 
KN, .!.... = 0.74) respectively. The uniaxial yield stress, uy, is used as the 
Py 
nondimensionalizing factor. In Case A (Art. 3.5.2), 1.4 inches (35.6 mm) of the 
connection plate along the column flange is modeled by plane strain elements 
with a fine transition mesh between plane strain and plane stress elements. 
The width of the plane strain element regwn in Case B (Art. 3.5.2) is only 0.4 
inches (10.2 mm) and without any transition mesh. Stress values at integration 
points closest to the connection plat boundary along the column flange are 
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plotted. This plot shows that the increase of the plane strain element regwn 
does not affect through-thickness stresses more than 10 percent at the most. 
However, the cost of analysis of Case A is as much as 70 percent higher than 
in Case B. Analysis for higher load levels IS not carried out since spread of 
plasticity along the boundary eventually leads to even more uniform stress 
distribution which m turn results in less discrepancies. 
In order to decide between plane strain and plane stress elements for 
modeling the reentrant corner zone, Case C (Art. 3.5.2) with ten solid elements 
representing this region was analyzed. Figure 7-33 shows the three different 
zones for which stresses and strains obtained from Cases A and B are compared 
with those obtained from Case C. Solid dots indicate the plastified integration 
points. Zone 1 with a radius of 0.125 in. (3.18 mm) contains the three 
integration points adjacent to the reentrant corner. Zones 2 and 3 include 9 
and 28 integration points respectively. The radii of the latter two zones are 
0.25 m. and 0.55 in. (6.35 mm and 14.0 mm) respectively. 
Figures 7-34 through 7-43 are nondimensional stress and strain companson 
plots for Cases A and B versus Case C at an applied stress of 40 ksi (178 KN, 
p 
- = 0.74). Material in Zones 1, 2, and 3 begins to plastify at this load when 
Py 
the maximum effective stress IS equal to 59.9 ksi ( 413 MPa) at integration 
point No. 1 (Fig. 7-33). Also shown m the same figures are three dashed lines. 
The middle one which is inclined at a 45 degree angle indicates the proximity 
between results from the two analyses measured along the horizontal and 
vertical axes of each figure. The other two dashed lines are the bounds for 20 
percent deviation which is measured vertically. Outcome from Cases A and B 
are measured along the vertical axis while the horizontal axis measures the Case 
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C results. Note that Case C is the reference case for comparmg the results of 
Case A with the results of Case B. 
u z 
Figures 7-34 and 7-35 are the point plots of stress ratios from Case A 
Uy 
and Case B versus Case C respectively. u ts the normal stress in the Z 
z 
direction and uy is the yield stress of material. Figure 7-35 shows that in Case 
B (plane stress) plotted points are more clustered around the middle line than 
m Case A (plane strain) shown in Fig. 7-34. 
A similar behavior can be observed m the next two figures where 
£ 
z 
longitudinal strain ratios, -, from plane strain and plane stress elements are 
fy 
plotted against solid elements. Here, E is the longitudinal strain in the Z 
z 
direction and Ey is the yield strain that was obtained from coupon tests. The 
plot in Fig. 7-36 shows that Ez obtained from plane strain elements are more 
than 20 percent below the strains that are calculated via solid elements. Figure 
7-37 shows that plane stress elements predict strains which are closer to the 
solid elements. At integration point No. 1 (Fig. 7-33 the deviation is as high 
as 90 percent. But, since the average strain in an element is the quantity of 
main concern, the cluster effect ts more important. 
Effective plastic stress ratios, ueff, from Cases A and B are plotted against 
Uy 
Case C in Figs. 7-38 and 7-39. There is not much difference between stresses 
obtained from plane strain and plane stress elements. The results from both 
Cases A and B are well concentrated around the dashed line with unit slope. 
Outcome of the effective plastic strain ratios, £eff, illustrated in Figs. 7-40 
fy 
and 7-41 are on an even keel for both type of elements. Plane strain elements 
show negligible strain when solid elements give effective plastic strains as high 
as the yield strain (points along the horizontal axis in Fig. 7-40). At the same 
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time, plane stress elements undergo plastic strains which are twice as large as 
those in solid elements (points above the unit slope line in Fig. 7-41). 
q 
X 
Nondimensional through-thickness stress components of Cases A and C, , 
Uy 
are shown in Fig. 7-42. This kind of plot does not exist for Case B due to the 
absence of the through-thickness stress component in a plane stress element. 
The closest point to the unit slope line b'elongs to integration point No. 1 (Fig. 
7-33). Through-thickness stress ratios at other integration points deviate from 
those obtained from solid elements not only m their magnitude but also in 
direction where solid elements are believed to simulate the real physical 
behavior. 
f 
X 
Similarly, through-thickness strain components, -, are plotted for 
fy 
Cases B and C in Fig. 7-43. Except for the integration points No. 1, 4, and 5 
(Fig.7-33), the rest of the points are distributed fairly well about the middle 
dashed line. 
The results from this phase of study leads to the following conclusions: 
a. Plane strain elements can adequately model the continuum which is 
located next to the weldments and without any need for a finer mesh 
discretization. 
b. With the present degree of mesh refinement used in the finite 
element analysis, plane stress elements are more appropriate in 
representing the existing boundary conditions at the reentrant corner. 
c. Plane strain elements may become more suitable at the reentrant 
corner as the tangent modulus of material increases (less plastic 
deformation) and the degree of mesh refinement at the reentrant 
corner is enhanced. 
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The first two conclusions are incorporated into the third phase of analysis. 
4.4 Results of Phase-III of the Finite Element Analysis 
Results from the analytical study of the three-dimensional model which 
was described in Art. 3.5.3 are presented here. Basically two sets of cases are 
analyzed: a) Cases D, E, F, G, and H ha~e the same connection plate width 
with different amounts of connection plate extension; b) Cases 0, D, L, and N 
have their connection plate flush with the column flange tips but the tension 
plate width is different in order to simulate various beam sizes. Here again, 
loads are given as nondimensional ratios of applied stresses to the yield stress of 
material. 
(J 
Normal stress distribution in the Z direction, ( - z ), f h fi f or t e Irst set o 
Uy 
cases (varied connection plate extension) are plotted in Figs. 7-44 and 7-45. 
The load ratios in these two figures are 0.93 and 1.30 respectively. The 0.93 
( 40 kips, 178 KN) was chosen in order to have both elastic and plastic stresses 
across the tension-connection plate junction, although some other smaller values 
could serve the purpose. Plots are given for Cases D, H, and I for clarity 
reasons since similar curves for Cases E, F, and G all fall within the narrow 
space between Cases D and H. These figures show little change in longitudinal 
stresses as the connection plate length increases. The stress reduction at the 
reentrant corner for 38 percent extension of the connection plate (Case H) is 
about 3 percent when the applied load is 130 percent of the yield load. At this 
load level, the stress reduction of the tapered connection plate is 23 percent. 
However, as will be seen later, effective plastic strains are reduced by as much 
as 9 percent at the same load ratio. The decrease in effective plastic strain is 
important in low-cycle fatigue problems where plastic strains accumulate during 
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each load cycle. Case I with the tapered connection plate maintains its 
superiority by inducing plastic strains which are 50 percent less than Case D. 
The tension plate width ratio has a more pronounced impact on reducing 
the stress concentration at the reentrant corner. Figures 7-46 and 7-47 show 
variation of normal stresses along the tension-connection plate junction at load 
ratios equal to 0.93 and 1.30 respectively. Reduction of tension plate width 
undermines the shear lag mechanism in transferring loads. This is the reason 
why stress ratios at the reentrant corner in these plots decreases as the tension 
plate narrows. The shear lag phenomenon is the dominent mechanism of 
transferring load in cases where a set of symmetrically offset axial loads which 
are in equilibrium act on a member, say a plate. In situations similar to the 
column web moment connections where applied tensile stress on the connection 
plate has to be carried by the eccentric column flanges, the flexible connection 
plate undergoes shear deformation which gives nse to a nonuniform normal 
stress distribution across the connection plate. The shear deformation of the 
connection plate causes the column web to participate in carrying the applied 
tensile load and to the column flanges. At a load ratio of 1.3, stress ratio at 
the reentrant corner decreases from 2.80 in Case N to 2.22 in Case 0. This is 
more than 20 percent decrease in stress after development of extensive plasticity. 
It is interesting to note that this geometrical parameter is effective in reducing 
stresses in both elastic and plastic range. However, this may not be very 
practical since the beam size is usually designed based on a strength or 
deflection criterion which results in a narrow range of beam flange widths to 
choose from. 
The tensile force that 1s exerted by the tension plate 1s transferred to the 
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column flange partly through bending of the column web and mostly by the 
connection plate via the shear lag mechanism. The shear stress distribution 
along the column flange-connection plate joint which IS induced due to the 
latter load transfer mechanism is plotted for load ratios of 0.6, 1.0, and 1.3. 
Figures 7-48, 7-49, and 7-50 depict these stress distributions for Cases 0, D, L, 
and N. These figures show that increase in tension plate width affects shear 
stresses close to the column flange tip the most. Similar plots for the first set 
of cases are not shown here since they are basically the same as those given m 
Fig. 7-48. It should be noted that, in these plots, shear stress ratios less than 
one do not necessarily mean elastic stresses. In Case N, as applied load 
increased to 130 percent of the yield load almost all elements adjacent to the 
column flange (15 out of a total of 16 elements) reached material yield stress in 
shear. This did not hold for Case 0. In other words, the shear lag 
phenomenon is the dominant mode of load transfer for large tension plate width 
ratios. This suggests that in situations similar to Case N, backup stiffeners can 
be of great benefit in reducing strains at the column flange ends by increasing 
the area (cross sectional area of the connection plate parallel to the column 
flange) through which shear is carried to the column flanges. 
In order to show the effect of material plastification on shear lag in the 
connection plate, the percentage of the applied load which is carried directly to 
the column flange via shear is plotted for the first and the second set of cases 
in Figs. 7-51 and 7-52 respectively. The upward shift of the curves in Fig. 7-51 
indicates that the total shear force transferred to the column flange increases as 
the connection plate extension increases. The decrease in curvature of these 
curves suggests that extending connection plates beyond the column flange ends 
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dampens the effect of material yielding on the shear lag mechanism. This 
situation is reversed in the second set of cases shown in Fig. 7-52. Here, 
curvature of the plotted curves mcreases with increase of the tension plate width 
ratio. It can be concluded that backup stiffeners become more desirable in the 
absence of connection plate extensions as well as in the presence of large tension 
plate width ratios. This is in concert with the previous observation that was 
made on the shear stress distribution along the column flange. The concurrence 
of all four curves in Fig. 7-52 in the last load increment (load ratio=1.3) is not 
considered to be a general behavior of the analyzed detail but can change with 
material property and geometry of detail. 
Figure 7-53 shows plots of the normalized effective plastic strains at 
integration point No. 1 (Fig. 7-33) versus load ratios. Strains are normalized 
through dividing them by the yield strain of material (0.00185 in.jin.). The 
difference between effective plastic strains in Cases D and H is 0.013 in.jin. at 
130 percent of the yield load. This figure shows that strains mcrease rapidly at 
applied stresses above the material yield stress. 
Fig. 7-54 shows the percent effectiveness of connection plate extensions in 
reducing plastic strains at the reentrant corner as loading proceeds. In these 
plots, ordinates measure percent reduction of the effective plastic strains for 
Cases E, F, G, and H relative to Case D (the case without any connection 
plate extension). In Case H, for example, the reduction of the effective plastic 
strain at the reentrant corner is 54 percent of the corresponding value in Case 
D at the onset of loading. This curve shows that the percent effectiveness of 
Case H drops to less than 10 percent at the final stage of loading. Similar 
behavior can be observed in other cases too. In Case H, it is a five-fold 
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decrease in relative effectiveness of the connection plate extension in reducing 
plastic strains. These observations demonstrate that general yielding of the 
connection plate reduces the effectiveness of the solutions that are ideal in the 
elastic domain. 
Effective plastic strains at the same integration point are shown in Fig. 
7-55 for Cases 0, D, L, and N. All ~f these cases have their connection plate 
flush with the column flange tips while their tension plate width-to-clear column 
depth ratio was different. In Case N, the effective plastic strain at the 
reentrant corner is about 50 percent larger than in Case 0 at 130 percent of 
the yield load. This is due to an increase in shear lag intensity as the 
reentrant corner moves closer to the column flange tips. Another reason is the 
mcrease of applied load as the tension plate widens. The magnitude of the 
effective plastic strain at the reentrant corner IS expected to increase as the 
tension plate width approaches the full clear depth of the column. At this 
point, extension of the connection plate loses its meaning and the backup 
stiffener plays a more critical role in reducing plastic strains at the column 
flange tip. 
In order to determine the direction of stress flow from the reentrant corner 
to the column flange, slopes of the maximum principal stress directions are 
calculated at some integration points in the reentrant corner zone (the acute 
angle is measured from a line parallel to the Y axis to the direction of the 
maximum principal stress). Since no merit could be given to any specific point 
at the reentrant zone, the average slope of the maximum principal stress 
directions in elements 4, 5, 8, and 9 (Fig. 7-33) is utilized. Figures 7-57 and 
7-58 illustrate the variation of this average slope with respect to the applied 
75 
load. These figures show that the mm1mum average slope occurs at loads close 
to the yield. It should be pointed out that all of these slopes are larger than 
one. In other words, stress flow at the reentrant corner is oriented at angles 
above 45 degrees with respect to the welding line. This is equivalent to about 
20 percent extension of the connection plate for the column section which is 
analyzed (notice that Cases F and G have 16 and 27 percent extensions 
respectively). Tapering or extending the connection plate below the 45 degree 
angle should not be considered as an acceptable design practice. On the other 
hand, extension beyond this angle starts to lose its effectiveness. 
4.5 Comparison of Analytical and Experimental Stresses and 
Strains 
The experiments described in Chap. 2 did not duplicate the connection 
plate failures that were observed m the prior series of Lehigh large-scale 
connection tests. The absence of beam web and web connection plate is one of 
the main reasons for this behavior. However, these experiments exhibited a 
pattern of improved capacity and ductility as the connection detail was 
geometrically upgraded to allow for better stress distribution. Load-deflection 
curves of these specimens are one of the best means to illustrate the overall 
behavior of a connection detail in the elastic as well as the plastic range. This 
is not possible for strain rosettes since their output is valid only within the 
strain range that they are designed for (usually small amounts of strain that 
occur in the elastic range). 
The details that are analyzed here correspond to specimens 111 Tests T2, 
T3, and T4. The load-deflection curve from Test T2 was not accurate enough 
due to gage malfunction, while those from Tests T3 and T4 agreed very well 
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with the finite element results up to the yield load. It is to be noted that 
connection plate extensions in Test T3 and the corresponding detail, Case H, 
are 3 inches and 2.8 inches (76.2 mm and 71.1 mm) respectively. The load-
deflection curves of these two cases are compared in Fig. 7-59. The two curves 
start to diverge after the general yielding of the tension plate is commenced. 
This behavior, of course, is not unexpected due to the fact that the strain-
hardening portion of the material stress-strain curve is approximated by a 
straight line which has a smaller slope than the tangent modulus in the early 
stages of strain-hard enning. However, this deviation is not regarded to have a 
serious impact on the relative stress and strain distribution of the cases that are 
studied. 
Also, maximum principal stresses obtained from strain rosettes adjacent to 
the column flange are compared with the corresponding finite element results. 
They are plotted in Figs. 7-60 and 7-61 at a load ratio of 0.37. Although 
every effort was made to start with a specimen setting that was as vertically 
straight as possible, it was not possible to control the uniformity of the applied 
gripping forces. Stresses obtained from the two rows of rosettes along column 
flanges were averaged in order to reduce the effect of unbalanced loading. In 
Test T1, stresses calculated from strain outputs of each two rosettes on lines C, 
D, and E (Fig. 7 -7) were close to each other which indicates that applied loads 
on the tension plate were relatively concentric. 
agreement between the two curves m Fig. 7-60. 
This resulted in a close 
The eccentricity of applied 
loads m Test T3 caused variation between stresses calculated from rosettes 
along the two column flanges which were as high as 50 percent. Figure 7-61 
shows the deviation between the analytical and experimental curves due to this 
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eccentricity. Similar com pan sons could not be made at higher loads smce the 
accuracy of rosette gages beyond material yield point was questionable. 
As was discussed in Chap. 4, effectiveness of extending the connection 
plate m reducing plastic strains at the reentrant corner is sharply decreased 
when the connection plate yields. It means that in order to take the most 
benefit of extending the connection plate, it should remain elastic during the 
entire range of loading. Results from the simulated beam flange connection 
tests illustrated in Fig. 7-13 shows that the specimen with a thicker connection 
plate (Test T9) can reach very close to the ultimate strength of the material. 
The increase in connection plate rigidity (elastic versus plastic) obtained by its 
larger thickness undermines the shear lag mechanism and reduces stress and 
subsequent strain concentrations at the reentrant corner. 
The quantitative comparisons between the test results and the finite 
element analysis are quite satisfactory m the elastic range, and agreed 
qualitatively m the plastic range. 
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5.1 Sun1mary 
Chapter 5 
Summary and Conclusions 
The study presented here originated from a set of large-scale beam-to-
column web moment connections that were conducted at Lehigh University [54]. 
Two of the four specimens tested fractured prematurely and drew attention to 
the important role that a specific detail could have on the strength of this type 
of connection. As a part of the present study, a series of tests on simulated 
beam tension flange-connection plate details were proposed and carried out in 
order to find out the significance of different parameters on their ultimate load. 
Effects of connection plate extension, backup stiffener, and connection plate 
thickness on reducing the stress intensity at the reentrant corner (areas at both 
ends of the weldment connecting the beam flange to the flange connection plate) 
were factors considered in those experiments. It was decided to evaluate the 
effect of part of these parameters analytically by finite element method and 
compare the outcome with the test results. 
At the outset of this study, a fracture-based type of analysis seemed to be 
the right approach for analyzing the beam tension flange-connection plate detail. 
The idea stemmed from the fact that flaws are present in every welded detail, 
of which the beam-to-column connection was not an exception. A number of 
failure criteria were investigated. From these the J-integral method was 
considered for this analysis due to its larger range of applicability and methods 
in measuring its critical value. However, the specific boundary conditions that 
are prescribed for this parameter did not correspond to those in the problem at 
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hand. It was found that the accumulated (total) effective plastic strain defined 
as a function of all plastic strain components, behaves closely to the J value of 
an edge crack. The ADINA [2] computer code was used to carry out the 
nonlinear finite element analysis [2]. Plastic strains to be compared with J 
values were obtained from the average value of the plastic strains at all 
integration points of the most-strained element adjacent to the crack tip. Since 
the main impetus m this analysis was improvement in the connection detail to 
prevent fracture at early stages of strain-hardening, such a quantitative 
correspondence between J-integral and total effective plastic strain was useful. 
Plastic strains are readily obtained from the computer outputs of ADINA and 
no further calculation is needed. Another drawback in using a fracture criterion 
is the difficulty in describing the crack geometry. After all, an ideal through-
thickness crack never exists at the junction between the beam tension flange and 
the flange connection plate. Many microscopic flaws oriented in different 
directions are embedded at the welded reentrant corner and in the heat-affected 
zone. It may reqmre a probabilistic approach to solve such embeded flaw 
problems. 
The elasto-plastic parametric analysis of the simulated beam tension flange 
Is carried out with the assumption that there is no crack in the continuum. 
Improvements obtained from certain details are judged based upon the extent of 
plastic strain reduction or stress redistribution at critical regions (reentrant 
corner, column flange tip). These details are recommended for design of the 
beam-to-column web moment connections. 
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5. 2 Conclusions 
The following conclusions can be drawn based upon the results obtained m 
this study: 
1. In the absence of a less complicated fracture criterion that can be 
readily applied to structures and their components under vanous 
boundary conditions, effective plastic strains can be considered as a 
valid parameter in judging the effectiveness of certain improvements 
in design of connection details. 
2. Plane strain elements can adequately be used to model the continuum 
along the weldments where displacements in the through-thickness 
directions are restrained. Using a fine transition mesh between plane 
strain and plane stress elements in this region could not be justified 
by the improvement in the accuracy of results. This is an advantage 
with respect to the cost of an elastic-plastic analysis. 
3. It was suspected that high stress concentration at the reentrant 
corner and the subsequent through-thickness constraint by the 
neighboring elastic material may introduce a state of stress that is 
closer to plane strain than to the general behavior of the continuum 
which Is plane stress. A comparison of stress and strain components 
between plane strain, plane stress, and three-dimensional solid 
elements showed that application of plane stress elements is more 
suitable for the present mesh discretization and material properties. 
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4. Connection plate extension has more impact on reducing the effective 
plastic strains than on reducing longitudinal stresses at the reentrant 
corner. 
5. Extension of the connection plate reduces the effective plastic strain 
at the reentrant corner by as much as 50 percent at a load ratio of 
0.37. This reduction in the effective plastic strain goes down to 9 
percent at a load ratio equal to 1.3. It means that this type of 
solution is highly effective in the elastic range and hence of great 
value to high-strength steels which are less ductile than structural 
carbon steels. However, in the plastic range where the reduction in 
plastic strains 1s not as significant as in the elastic domain, the 9 
percent decrease is still important m vww of the low-cycle fatigue 
problems. This 1s due to the fact that plastic strains that 
accumulate in each cycle of loading, such as m earthquake, lead to 
final deterioration of connections. 
6. Effective plastic strains at the reentrant corner are significantly 
reduced as the tension plate width decreases. The two major reasons 
for such behavior are: a). For the same load ratio and the same 
tension plate thickness, a smaller load has to be carried for a smaller 
plate width while the connection plate configuration and hence its 
strength has not been altered. b). The column web carries a larger 
portion of the load as the reentrant corner is removed farther from 
the stiff column flanges, resulting in less dominance of the shear lag 
mechanism in transferring load to the column flanges. 
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7. In cases where beam flange (tension plate) width is relatively large 
(greater than 90 percent of the clear column depth), extension of the 
connection plate has little meanmg m . . Improvmg the stress 
concentration at the reentrant corner or the column flange tips. The 
dominant mechanism for load transfer is shear lag. Any method that 
is to be devised to lessen the stress concentration at the free end of 
column flanges should be able to dampen the intensity of this load-
transferring mechanism. Backup stiffeners and thicker connection 
plates are the prime candidates to serve this purpose. 
8. The amount of load that IS directly carried, through shear, to the 
column flanges mcreases slightly with mcrease of the projected 
portion of the connection plate. 
9. Plastification of the connection plate decreases the amount of load to 
be carried by the column flanges via shear lag. The decrease 
becomes less pronounced as the connection plate extends beyond the 
end of the column flanges. In other words, extension of the 
connection plate intensifies the shear lag mechanism more than the 
dampening effect that plastification of the connection plate material 
has on shear lag. 
10. The average slope of the direction of stress flow at the reentrant 
corner is greater than unity within the whole range of applied loads. 
This observation held in the two sets of analyzed cases indicating 
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that connection plate extensions should provide a mm1mum breathing 
distance m order for stresses to flow smoothly. 
11. In cases of variable beam flange (tension plate) width and for the 
same load ratios, the transferred shear force at the face of the 
column flange rises less rapidly with increase in the tension plate 
width. 
12. Development of plasticity in the connection plate has a significant 
effect on transferred shear force In cases of variable tension plate 
width. At a load ratio equal to 1.3, the load that is directly carried 
through column flanges becomes virtually the same for all tension 
plate width ratios. 
5.3 Design Recommendations 
Based on the above conclusions, the following design recommendations are 
proposed to enhance the performance of beam-to-column web moment 
connections beyond their nominal yield load (plastic moment of the connected 
beam). 
1. For tension flange width to clear column depth ratios less than 0.9, 
connection plates should be extended beyond the column flange tips 
such that a stress flow with a m1mmum angle of 45 degrees can 
reach the column flange free ends. While this criterion sets the 
lower bound for the m1mmum amount of the connection plate 
extensions, the upper limit may be based on economy or other 
considerations. 
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2. Tapering of the extended connection plates along their projected 
length is highly recommended. 
3. Until a further nonlinear analysis that takes into account the effect 
of bolt slips along the beam web-web connection plate on connection 
strength and ductility, beam-to-column web moment connections shall 
be fabricated by welding alone when subjected to large amplitude 
stress reversals. 
4. When the width of the tension flange is larger than 90 percent of 
the clear column depth, backup stiffeners should be provided in order 
to activate the full width of the column flange in transferring loads 
to the column flanges. 
5. If possible, the ratio of the beam flange width to clear column depth 
should be kept minimum in order to reduce effective plastic strains 
at both the reentrant corners and the column flange tips. 
6. As a conservative estimate for web connections without backup 
stiffeners and with tension flange width ratios less than 0.93, about 
75 percent of load lS transferred directly through shear and to the 
column flanges. In situations where elastic behavior of the 
connection plate 1s desired, in order to retain the initial elastic 
effectiveness of such remedies, this fraction of the applied load is to 
be used as shear force on both sides of the connection plate and 
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parallel to the column flanges. Thickness of the connection plate 
should then be selected such that the induced shear stress and the 
average longitudinal stress applied by the beam tension flange are 
less than the respective yield stresses. 
The above recommendations are limited to the scope of this study which 
deals with column sections that have width-to-depth ratios of 1.0 =r=5% and web-
to-flange thickness ratios of about 0.6 =r=5%. 
5.4 Future Research 
While the results obtained here provide a guideline for design of web 
connection details, some items were not covered m this study and deserve to be 
considered m future research. 
The simulated beam tension flange-connection plate details that were tested 
and analyzed here did not consider the effect of beam web and web connection 
plate that exists in a real connection on stress and strain distributions. As was 
mentioned in Art. 1.2 of this dissertation, a linearly elastic analysis on this 
subject was carried out by Rentschler [54]. However, in the plastic range, the 
picture is very likely to be different and not easy to visualize intuitively. In 
the same reference, also results of four large-scale web-moment connections were 
reported. The two out of four specimens that had hybrid connectors (welded 
flange and bolted web) sustained fracture shortly after yield load of the 
connection was reached. In an effort to understand reasons for this type of 
behavior, another view point was given in the same article. That is, the 
possibility that hybrid connectors, although more economical in fabrication, may 
not be an ideal method for designing this type of connection. This subject also 
requires further study. 
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One note of caution that is necessary to be made is the assumption of 
material isotropy beyond the elastic limit. It 1s well known that structural 
steels like most other materials do not remam isotropic after they plastify. The 
degree of such orthotropic behavior depends on material type and the extent of 
plastification. The effect of material orthotropy on connection behavior IS 
another parameter which needs to be investigated. 
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Tables 
Table 6-1: List of Test and Specimen Numbers and 
Test 
Number 
T1 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
T10 
Tension Plate Dimensions 
Specimen 
Number 
A 
A 
rev 
B 
c 
D 
E 
A2 
B2 
E2 
C2 
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Tension Plate 
Width x Thickness 
m x m ( mm x mm) 
10 X 1 (254 X 25.4) 
10 X 1 (254 X 25.4) 
lOx 1 (254 X 25.4) 
10 X 1 (254 X 25.4) 
10 X 1 (254 X 25.4) 
10 X 1 (254 X 25.4) 
9 X 1-1/8 (229 X 28.6) 
9 X 1-1/8 (229 X 28.6) 
9 X 1-1/8 (229 X 28.6) 
9 X 1-1/8 (229 X 28.6) 
Specimen 
Number 
A 
A 
rev 
B 
c 
D 
E 
A2 
B2 
E2 
C2 
Table 6-2: Location and Number of Strain and Deflection 
Locations of 
Deflection Gages 
(Fig. 7-9) 
d 
d 
d 
a,b 
a,b 
a,b 
a,b,c 
a,b,c 
a,b,c 
a,b,c 
Gages Used in Each Test 
Locations of 
Strain Gages 
(Fig. 7-7) 
C6,D2,E2 
C'2 
A4,C2,D2,E2 
A'2 
A3,C2,D2,E2 
A'3 
A4,C2,D2,E2 
A'2 
A4,C2,D2,E2 
A'2,C'2,D'2 
A4,C2,D2,E2 
A'2,C'2,D'2 
A2,C4,D2,E2,F2 
G2 
A'2 
A2,C4,D2,E2,F2 
G2 
A'2 
A4,C2,D2 
A'2 
B4,C2,D2,F2,G2 
B'2 
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Sketch of Specimen 
A 
8 
c 
D 
E 
A2 
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E2 
C2 
Table 6-3: Details of Test 
Speci Connec Frac Yield Frac Ductil 
-men -tion -ture Load -ture -ity 
Numb Plate Load Load Ratio 
-er Thick Ratio 
-ness pu Py Pu/Py l1u/l1y 
(mm) (KN) (KN) 
A 25.4 3247 2357 1.38 6.3 
f j z::, k..,d'( 
A 25.4 3247 2357 1.38 * rev 
B 25.4 3665 2357 1.55 5.3 
c 25.4 3363 2357 1.43 5.42 
D 41.3 2624 2357 1.11 1.71 
E 41.3 3567 2357 1.51 6.81 
* Malfunction of deflection gage 
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Specimens 
Sketch of Specimen 
and 
Fracture Line 
I 
I I 
Fracture 
Line 
Fracture 
Line 
3·1 Slope 
r---"' 0 
27" 
~ -686mm 
Table 6-3, continued: 
Details of Test Specimens 
Speci Connec Frac Yield Frac Ductil Sketch of Specimen 
-men -tion -ture Load -ture -ity and 
Numb Plate Load Load Ratio Fracture Line 
-er Thick Ratio 
-ness Pu Py Pu/Py !:lu/ !:ly 
(mm) (KN) (KN) 
A2 25.4 3389 2424 1.40 17.7 
Fracture 
Lfne 
B2 25.4 3536 2424 1.46 16.5 
~ 254mm 
L ~ 
E2 41.3 3621 2424 1.49 * [] 
..... 
15" r , 
.. 
1381 mm ~ 
C2 25.4 3616 2424 1.49 29.6 
* Malfunction of deflection gage 
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Table 6-4: 
Tensile 
Coupon 
Coupon No. 4 
Coupon No. 5 
Average 
Material Constants Calculated from Tensile 
Coupon Data 
Method 1 
* n 
0.126 
0.126 
0.126 
120.1 
120.7 
120.4 
Method 2 
* n 
0.160 
0.159 
0.160 
149.2 
148.2 
148.7 
~'neck 
0.140 
0.157 
0.149 
*Constants are calculated by fitting a power function through 
three points. 
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Table 6-5: Material Stress and Strain Values of the 
Seven-Point Multi-Linear Curve 
(J 
(MPa) (mm/mm) 
0.0 0.00 
1379. 7.41 
1724. 11.9 
1931. 19.1 
2069. 29.2 
2344. 75.6 
2482. 125. 
2758. 336. 
E=186000.0 MPa v=0.3 uy=1724.0 MPa 
1 ksi 6.895 MPa 
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Table 6-6: J-lntegral Values (Calculated versus Ref. [38]) 
u Jlref J3ref 
Load 
app 
Jl J2 J3 J u -- --app Uy avg Jl J2 
KN MPa KPa-m KPa-m KPa-m KPa-m 
83.4 430.9 0.25 23.13 23.07 22.90 23.03 0.977 0.976 
166.8 861.9 0.50 98.33 97.95 96.44 97.57 0.958 0.987 
250.2 1293. 0.75 255.0 253.3 245.7 251.3 0.979 1.05 
283.6 1465. 0.85 388.2 384.3 373.7 382.1 
316.9 1638. 0.95 584.2 579.4 562.2 575.3 
335.8 1724. 1.00 718.3 710.1 690.3 706.2 0.790 0.748 
uy=1724 MPa 
1 ksi = 6.895 MPa 
1 kip = 4.448 KN 
1 psi-in = 0.1751 KPa-m 
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Table 6-7: 
Load Load 
Step KN 
1 89.0 
2 143.2 
3 177.9 
4 200.2 
5 222.4 
6 238.9 
7 249.1 
8 266.9 
9 289.1 
10 311.4 
uy=370.3 MPa 
1 ksi = 6.895 MPa 
1 kip = 4.448 KN 
Comparison of the J-lntegral Values and Percent 
Variation from Their Average 
u 
app 
Uy 
0.37 
0.60 
0.74 
0.84 
0.93 
1.00 
1.04 
1.12 
1.21 
1.30 
J 
avg 
KPa-m KPa-m KPa-m 
2.63 2.80 2.72 
3.85 4.55 4.20 
5.43 7.00 6.22 
11.56 13.83 12.70 
105.2 111.7 108.5 
141.7 141.3 141.5 
150.1 133.3 141.7 
280.2 259.1 269.7 
360.7 330.9 345.8 
441.3 409.7 425.5 
Variation 
% 
+3.3 
+8.3 
+12.7 
+9.0 
+3.0 
-0.1 
-5.9 
-3.9 
-4.3 
-3.7 
1 psi-in = 0.1751 KPa-m 
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Table 6-8: 
~~:=1.977 
u y=370.3 MPa 
1 m = 25.4 mm 
1 ksi = 6.895 MPa 
Comparison of Average Nondimensional J-Integral Values 
with the Average Effective Plastic Strains 
u J 
Load 
app avg 
Avg. ~~:--
Uy (uy) a 
Step % Eeff% 
1 0.37 0.229 0.124 
2 0.60 0.353 0.431 
3 0.74 0.523 0.880 
4 0.84 1.07 1.62 
5 0.93 9.12 7.15 
6 1.00 11.9 11.90 
7 1.04 11.9 13.63 
8 1.12 22.7 19.50 
9 1.21 29.1 24.70 
10 1.30 35.8 29.60 
psi-in = 0.1751 KPa-m 
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Figures 
97 
(a) (b) 
Figure 7-1: Typical Beam-to-Column Moment Connections 
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Figure 7-2: Typical Large-Scale Connection Detail 
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Figure 7-3: Schematic View of the Simulated Connection 
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Figure 7-5: Specimen m the Testing Machine 
102 
MPa 
600 
500 
400 
300 
200 
0 
ksi 
0 
97.6 97.4 
Ultimate Strength 
Dynamic Yield Stress 
Static Yield Stress 
I 2 3 4 5 6 7 Test No. 
TENSILE COUPON TESTS 
No. of Gages 2 2 2 2 2. 4 2 
I I 
" " " " 
.,. 
I I I I I I' I 
·I 
I 
I 
" 
I I I I I l I 
I I I 
I I I I ll. 
~ ~ I£ 
Position Lines 
(top ·view) G F 
(bottom view). 
Bottom View = Refers to the side with backing bar. 
Figure 7-7: Sketch of Rosette Layouts 
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Figure 7-8: An Overall View of a Cantilever Gage 
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Figure 7-9: Locations of the Gage Lengths 
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1 in = 25.4 mm 
Specimen 
No. 
A 
A rev 
B 
c 
0 
E 
Applied Stress I Yield Stress 
0 1.00 I 57 . 
1.38 I 
'l'///hf I 
Test (TI) I 
I 
1.38 I 
:////.If I 
(T2) I 
I 
1.551 
///////..11 
(T3) I 
Coupon Tensile Strength--t 
1.43 I 
/////J I 
(T4) I 
I 
' I I. II 
'/1 I 
(T5) I 
I 
1.51 I 
V/////AI 
Test (T6) I 
Figure 7-12: Ultimate Strength of Specimens in First Six Tests 
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1 in = 25.4 mm 
Specimen 
No. 
A2 
82 
C2 
E2 
Applied Stress I Yield Stress 
0 1.00 1.51 
Test CT7) 
(T8) 
(TIO) 
Coupon Tensile Strength 
(T9) 
Figure 7-13: Ultimate Strength of Specimens in Last Four Tests 
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Figure 7-14: Generated Finite Element Mesh to Calculate J-lntegral 
Values Given in Ref. [38] 
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Figure 7-16: ·Finite Element Mesh for Case A 
(See Art. 3.5.2). 
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Figure 7-17: Finite Element Mesh for Case B 
(See Art. 3.5.2) 
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Figure 7-18: Outline of the Reentrant Corner for Case C 
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Figure 7-19: Outline of the First Quadrant of the Simulated 
Connection Used in Finite Element Analysis 
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Figure 7-20: Finite Element Mesh of Tension and Connection Plates 
Showing Zones of Different Element Types and Length of 
the Connection Plate for Cases D, E, F, G, H, and I 
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Figure 7-21: Finite Element Mesh of Tension and Connection Plates 
Showing Zones of Different Element Types and Width of 
the Tension Plate for Cases 0, D, L, and N 
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Figure 7-22: Finite Element Mesh of the Column Web 
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Figure 7-23: 
202 mm 
Finite Element Mesh of the Column Flange 
119 
0 
0 
0 
"<I" 
0 
0 
I!) 
(T) 
0 
0 
0 
(T) 
0 
0 (f) I!) 
(f) • 
W;C\J 
a: 
1-
(J) 
0 
0 0 
w 0 
N C\J 
1-1 
..J 
<( 
::E: 
a: 0 
0 0 
z I!) 
... 
0 
0 
0 
... 
0 
0 
I!) 
0 
0 
0 
.000 2.500 
Figure 7-24: 
Engineering\ 
5.000 7.500 10,000 12.500 15.000X10 
NORMALIZED STRAIN 
True and Engineering Stress-Strain Curves 
120 
y 
y +A y ...,-+----
y 
Figure 7-25: 
y 
+Ay n 
-Ax 
X 
x x+Ax 
Differential Geometry of a Finite Length of Contour 
C in the X-Y Plane 
t 
\ 
\ 
\ 
\ 
"' "' 
"' Tn 
~~--Tx 
n 
"' 
"' 
X 
Figure 7-26: Components of Traction Vector T on a Finite Length 
of Contour C 
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Figure 7-27: Geometries of Contour C in a Finite Element: 
a. Contour C Passes Through 2 Integration Points 
b. Qontour C Passes Through 3 Integration Points 
Figure 7-28: Stresses and Strains at Load Steps (l-1) and (I) 
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y 
Figure 7-29: Contour · C Passes Through the lnterelement Boundary 
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Figure 7-33: Sketch of the Three Zones in the Reentrant Corner 
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